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S P A C E  R E S E A R C H- -~ 

INTRODUC"III0N 

The f i r s t  A l l  Union Conference on Space Physics, organized by t h e  
Commission on Research and U t i l i z a t i o n  of Cosmic Space of t h e  USSR 
Academy of Sciences, w a s  held i n  Moscow between June 10-16. The main 
purpose of t h e  conference w a s  t o  summarize t h e  research performed p r i 
mari ly  by rockets  and a r t i f i c i a l  Earth satel l i tes .  

On October 4, 1957, t h e  f i r s t  a r t i f i c i a l  Earth s a t e l l i t e  i n  t h e  
world w a s  launched i n  t h e  USSR; t h i s  marked t h e  advent of man's d i r e c t  
pene t ra t ion  of space. Since t h a t  t i m e ,  space rockets  have been sen t  
t o  t h e  Moon, manned spacec ra f t s - sa t e l l i t e s  have been launched, and man's 
en t ry  i n t o  space has been accomplished. These successes belong primar
i l y  t o  our country. Our s c i e n t i s t s  have obtained many new and i n t e r e s t 
ing r e s u l t s  by means of modern satel l i tes  i n  t h e  "Kosmos" and "Elektron" 
se r i e s ,  and a l s o  by means of o ther  space vehicles .  

The conference included about 100 reports ' ,  whose contents  encom
passed t h e  majori ty  of d i s c i p l i n e s  included i n  space physics: The upper 
atmosphere, the  ionosphere, r ad ia t ion  zones, i n t e rac t ion  of  s o l a r  cor
puscu1a.r streams w i t h  t h e  geomagnetic f i e l d ,  physics of t he  Sun and 
cosmic rays .  

Several  experimental and t h e o r e t i c a l  r epor t s  summarized research  
on t h e  Ea r th ' s  upper atmosphere, i t s  s t ruc tu re  and dynamics, and chemi
c a l  composition. 

Some of them were devoted t o  studying in f r a red  r ad ia t ion  both of 
t h e  Earth, and of t he  upper atmosphere. The s t r a t i f i e d  i n t e n s i t y  
d i s t r i b u t i o n  of atmospheric infrared. r ad ia t ion  i n  t h e  0.8-40 micron 
s p e c t r a l  region, with maxima a t  a l t i t u d e s  of 260, 420, and 500 km, w a s  
discovered - t h i s  d i s t r i b u t i o n  w a s  previously unknown. In t e re s t ing  /4 
data on lower atmospheric luminosity and data derived from analyzing it, 
which were obtained during t h e  f l i g h t s  of t h e  spacecraf ts  "Vostok" and 
"Voskhod", w e r e  discussed i n  t h e  r epor t s  compiled with t h e  p a r t i c i p a t i o n  
of cosmonauts V. V. Tereshkova-Nikolayev and K. P. Feoktistov. On t h e  
bas i s  of these data ,  t h e  exis tence of a dust  l ayer  around t h e  Earth a t  a n  
a l t i t u d e  of - 19 k m  was pos tu la ted .  

Ionosphere research by means of m a s s  spectrometers, d i f f e r e n t  types  
of probes, and rad io  methods has provided new information on t h e  s t ruc 
t u r e  of ionized outer  ionosphere regions and on t h e  electromagnetic pheno
mena tak ing  p lace  within t h e  ionosphere. It w a s  found.t h a t  above 1000
1200 km t h e  ionosphere pr imar i ly  cons i s t s  of protons - ionized hydrogen atoms. 
Only a. very small amount of Lonized helium, which w a s  disco-Jered previously i n  

. .. -

It should be noted t h a t  t h e  manuscripts f o r  t h e  majori ty  of t h e  r epor t s  
were obtained i n  October-November, 1964.* 
Note: 	 Numbers i n  t h e  margin ind ica t e  paginat ion i n  t h e  o r i g i n a l  foreign 
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other  experiments at  a l t i t u d e s  of 700-lOOO km, w a s  observed during t h e  
1964measurements by t h e  s c i e n t i f i c  s t a t i o n  "Elektron". When t h e  d a t a  
der ived from studying coherent r ad io  frequencies  emit ted from t h e  a r t i 
f i c i a l  Earth sa te l l i t es  were examined, several e l ec t ron  concentration 
m a x i m a  were discovered f o r  a prolonged per iod of t i m e  i n  t h e  outer  
ionosphere. These maxima were apparent ly  caused by t h e  complex, ho r i 
zonta l ly  nonuniform s t r u c t u r e  of t h e  ionosphere, by t h e  dynamics of 
ionized p a r t i c l e s ,  by plasma f luc tua t ions ,  and by s i m i l a r  phenomena. 
The mean a l t i t u d i n a l  dependence was obtained f o r  t h e  e l ec t ron  concen
t r a t i o n  i n  t h e  ou te r  ionosphere; t h i s  concentrat ion d id  not exh ib i t  
any unusual features i n  t h e  1000-2000 km a l t i t u d i n a l  region, which w a s  
observed previously i n  other  s tud ies .  

Several  r epor t s  were devoted t o  a t h e o r e t i c a l  examination of t h e  
in t e rac t ion  between a r t i f i c i a l  s a t e l l i t e s  and t h e  ionosphere. The theory  

.of k i n e t i c  flow around bodies i n  a plasma p lays  an important r o l e  i n  ar t i 
f i c i a l  Earth s a t e l l i t e  research.  It m a k e s  it poss ib le  t o  study t h e  
phenomena produced i n  t h e  v i c i n i t y  of t h e  body. If these  phenomena are 
not t&en' i n t o  considerat ion (angular p a r t i c l e  d i s t r i b u t i o n ,  e f f e c t  of 
e l e c t r i c  and magnetic f i e l d s ) ,  it i s  impossible t o  provide a cor rec t  
i n t e rp re t a t ion  of t h e  r e s u l t s  derived from many measurements of d i f f e r 
en t  parameters of an unperturbed plasma. Electromagnetic f r i c t i o n  a l s o  
bec.omes s ign i f i can t  a t  a l t i t u d e s  of 700-800km and above. The f'uture 
study of plasma s t a b i l i t y  i n  t h e  v i c i n i t y  of a moving body and t h e  formu
l a t i o n  of a probe theory,  with allowance f o r  t h e  magnetic f i e l d ,  a r e  of 
grea t  importance. 

Several  r epor t s  examined d i f f e r e n t  r e s u l t s  der ived from measuring t h e  
s t ruc tu re  of t h e  magnetosphere, t h e  r ad ia t ion  zones, t he  magnetic f i e l d  of 
t h e  Earth,  and corpuscular streams. 

It can be seen from these  s tud ies  t h a t  t h e r e  is a c lose  connection 
between t h e  behavior of t h e  r ad ia t ion  zones and severa l  geophysical 
phenomena (va r i a t ions  of t h e  Ear th ' s  magnetic f i e l d ,  behavior of t h e  polar  
ionosphere, e t c . )  . In  s p i t e  of t h e  grea t  abundance of experimental data ,  
it i s  s t i l l  impossible t o  formulate a d e f i n i t e  p i c t u r e  of t h e  r ad ia t ion  
f i e l d s  and t h e  r ad ia t ion  streams surrounding the  Earth.  There i s  s t i l l  no 
comprehensive, es tab l i shed  theory  f o r  t h e s e  phenomena. The r e s u l t s  of d i f 
f e ren t  experiments s t i l l  do not agree, and sometimes diverge considerably 
i n  quan t i t a t ive  tems. 

The na ture  and mechanisms of r ad ia t ion  zone formation w i l l  no doubt 
be reconsidered i n  t h e  near f u t u r e .  There has been an ac t ive  tendency t o  
explain t h e  zone s t ruc tu re  by considering t h e  dynamics of plasma protons 
en ter ing  t h e  magnetic f i e l d  of t h e  Earth, p a r t i c l e  capture i n  the  geomag
n e t i c  t r ap ,  and subsequent p a r t i c l e  acce lera t ion .  This p i c tu re  encounters 
no cont rad ic t ions  from t h e  energy point  of view. 

Electron streams, which were discovered i n  d i f f e r e n t  experiments 
outs ide of t h e  radia , t ion zones 03 t h e  magnetosphere boundary, were 
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observed i n  t h e  zones of r ad ia t ion  capture i n  t h e  geomagnetic t r a p .  T h i s  
i s  t h e  plasma e l ec t ron  component which advances toward t h e  Earth and which 
i s  d i s t r i b u t e d  around t h e  Earth i n  a certajln manner. Experimental data ,  
as w e l l  as t h e  general  phys ica l  p i c tu re  of t he  magnetosphere s t ruc tu re ,  
provide no bas is  f o r  assuming t h a t  there  i s  even one so-called outermost 
r ad ia t ion  zone. 

The r e s u l t s  derived from X-ray s o l a r  r ad ia t ion  research, which were 
presented a t  t h e  conference, present  a f a i r l y  luc id  p i c tu re  of i t s  pro
p e r t i e s  and t h e  energy spectrum of t h i s  r ad ia t ion  during a quie t  Sun 
period. Several  new data charac te r ize  b u r s t s  of t h i s  r ad ia t ion  and t h e i r  
connection with o ther  phenomena. 

It i s  i n t e r e s t i n g  t h a t  during cosmic ray  bursts ,  which are generated 
on the Sun, t h e i r  i n t e n s i t y  i n  t h e  in te rp lane tary  medium sometimes 
increases  by hundreds and thousands of t imes.  

Measurements of cosmic r ad io  emission i n t e n s i t y  on t h e  s c i e n t i f i c  
s t a t i o n  t'Elektron", i n  the  low-frequency wave range (725 and. 1525 kc),  
which can be performed only on satel l i tes ,  revealed severa l  i n t e r e s t i n g  
proper t ies  of t h i s  rad ia t ion ,  t h e  nature of which w i l l  only be understood 
i n  t h e  fu tu re .  

Cosmic ray research performed on s a t e l l i t e s  provided d a t a  on t h e  
chemical composition of t h e i r  nuclear  component, cosmic ray  i n t e n s i t y  a t  
d i f f e r e n t  d i s tances  from t h e  Sun, e t c .  One of t hese  r epor t s  invest igated 
- as  one of t h e  main problems of fu tu re  research - t h e  p o s s i b i l i t y  of 
studying processes produced by very high-energy p a r t i c l e s ,  which a r e  
included i n  the  composition of cosmic rays, i n  experiments on a r t i f i c i a l  
Earth s a t e l l i t e s .  This  repor t  a.lso discussed the  search f o r  fundamental 
elcinevtary p a r t i c l e s ,  p a r t i c u l a r l y  the  so-cal led uarks predicted by 
theory - i - e . ,  p a r t i c l e s  w i t h  a charge which i s  1 3 and 2 / 3  of t h e  e lec
t r i c  e l ec t ron  charge. 

Individual  r epor t s  were a l s o  devoted t o  the  problem of s a t e l l i t e  
meteorology, r ad ia t ion  sa fe ty  of space f l i g h t s ,  propagation of  radiowaves 
over mi l l ions  of kilometers or i n  communication w i t h  cosmonauts, and sev
e r a l  o ther  problems. 

The sca l e  and ex ten t  of research on space physics has increased con
s iderably  i n  recent  years .  The sca le  of research being ca r r i ed  out s t i l l  
leaves much t o  be des i red .  There i s  an obvious necess i ty  of improving 
the  q u a l i t y  of experiments, t h e  formulation of complex inves t iga t ions ,  
and t h e i r  comprehensive ana lys i s .  A search f o r  more modern'and comprehen
sive theo r i e s  of t h e  phenomena being s tudied i s  r equ i s i t e .  There must be 
an accelerated development of p lane tary  research by means of space rockets ,  
expansion of experiments studying t h e  ga l ac t i c  y-radiation which has been 
recent ly  discovered, important research on t h e  spec t ra  of t he  eigen e lec
tromagnetic r ad ia t ion  of t h e  in te rp lane tary  medium and of t h e  planets ,  
and t h e  so lu t ion  of o ther  space problems which are l i t e r a l ly  introduced by 
science eac?i day. The abundant information which w e  have obtained from /6 
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experiments on a r t i f i c i a l  s a t e l l i t e s  and rockets  provide t h e  bas i s  f o r  
assuming t h a t  t h e  time i s  approaching when we s h a l l  be able  t o  formulate 
a new, more modern and comprehensive theory f o r  t h e  formation of the  
atmosphere and t h e  ionosphere of t h e  Earth, t o  understand t h e  dynamics 
of t h e  in te rp lane tary  plasma, t o  c rea te  a theory f o r  t h e  formation of 
t h e  magnetosphere and t h e  rad ia t ion  zones, and t o  c l a r i f y  the  nature  of 
t h e  most i n t e r e s t i n g  phenomena which have been discovered i n  space. 

INTRODUCTORY REMARKS BY THE PRT2SIDE.N" OF THE 
COMMISSION ON THE RESEARCH AND UTILIZATION OF 

SPACE BY THE USSR ACADEMY OF SCIENCES 

Academician A. A. Blagonravov 

Comrades! The f irst  A l l  Union Conference on Space physics opens /7
today -

Due t o  advances i n  rocket technology, today space physics has 
unprecedented p o s s i b i l i t i e s  f o r  development. Tens of s a t e l l i t e s  have 
been launched i n t o  c i r cumte r re s t r i a l  space i n  t h e  shor t  period of time 
whfch has elapsed s ince  the  f i rs t  a r t i f i c i a l  Earth s a t e l l i t e  i n  t h e  
world w a s  launched i n  t h e  USSR. The weight of these  s a t e l l i t e s  has 
constant ly  increased, making it possible  t o  de l ive r  more up-to-date 
s c i e n t i f i c  equipment i n t o  space. 

The s a t e l l i t e  o r b i t s  have become more diverse  and complex, and 
s c i e n t i f i c  equipment can be car r ied  i n t o  new, previously inaccess ib le  
regions of space. Measurements can be performed simultaneously on 
severa l  s a t e l l i t e s ,  which can change t h e i r  o r b i t  during f l i g h t .  Space 
rockets  have been launched i n t o  far-removed regions of space. The possi
b i l i t i e s  f o r  inves t iga t ing  the  Moon and o ther  p lane ts  a r e  constant ly  
expanding. 

Advances i n  rad ioe lec t ronics  and equipment design have increased the  
amount of information which can be t ransmit ted from the  space vehicles .  

Final ly ,  man's f l i g h t s  i n t o  space and man's en t ry  i n t o  the  cosmos 
have unfolded new p o s s i b i l i t i e s  f o r  s c i e n t i f i c  research. The accuracy, 
reTiabi l i ty ,  and au then t i c i ty  of experiments have been augmented con
siderably due t o  t h e  pa r t i c ipa t ion  of man. Problems which were inacces
s ib l e  t o  the  automats can be solved: These problems range from analyzing 
da ta  obtained and reformulating t h e  observat ional  program,up t o  t h e  most 
prec ise  regula t ion  of s c i e n t i f i c  equipment d i r e c t l y  on board the  space
c r a f t .  
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Advances i n  Soviet  science and technology have opened up a w i d e v i s t a  
before space physics, and our problem i s  t o  successful ly  u t i l i z e  a l l  of 
t h e  p o s s i b i l i t i e s  f o r  developing t h i s  new area of knowledge. 

The problems of space research are a t t r a c t i n g  more and more a t t en 
t i o n  from s c i e n t i s t s  i n  every country. The c i r c l e  of countr ies  d i r e c t l y  
p a r t i c i p a t i n g  i n  space physics research i s  expanding. New research meth
ods a r e  being developed. For example, i n  France t h e  rocke t -car r ie rs  
t'Diama.nt" are being developed; t hey  a r e  designed t o  launch satel l i tes .  
The Japanese rockets  "T.,ambda" m a k e  it possible  t o  probe t h e  Earthb atmos
phere up t o  an a l t i t u d e  of 1000 km; t h e  rocket "Mu" i s  being developed t o  
la,unch satel l i tes .  F i r ing  ranges f o r  sounding rockets  are being constructed 
i n  such count r ies  as Pakistan and Argentina. 

The r e s u l t s  der ived from measurements on satel l i tes  and space rockets  
have provided science with a grea t  deal  of new information regarding physi
c a l  phenomena i n  c i r cumte r re s t r i a l  space and at considerable d is tances  i n  
in t e rp l ane ta ry  space. The data obtained point  t o  a very c lose  connection /8
between processes occurr ing on t h e  Sun and those observed near t h e  Earth, 
i n  i t s  akmosphere. 

Our concepts of c i r cumte r re s t r i a l  space have changed s i g n i f i c a n t l y  
due t o  such d iscover ies  as a constant solar wind, i t s  in t e rac t ion  with 
the  E a r t h ' s  magnetic f i e l d ,  and t h e  exis tence of a g igant ic  charged p a r t i 
c l e  t r a p  near the Earth.  Such phenomena as magnetic storms, t h e  aurorae 
po la r i s ,  and t h e  r a d i a t i o n  zones of t h e  Earth are c lose ly  connected with 
processes occurring on t h e  Sun. Important data have been obtained on 
magnetism i n  t h e  s o l a r  system. They have shown t h a t  t h e  Moon and Venus 
apparent ly  have very weak magnetic f i e l d s .  A t  t h e  same t i m e ,  due t o  t h e  
so l r r  wind t h e  geomagnetic f i e l d  i s  loca l ized  i n  a l imited a rea  of space, 
which ca.n be ca l l ed  t h e  magnetosphere of t h e  Earth. Many o the r  data and 
i , a r  tnt new information have a l s o  been obtained on space. 

The All Union Conference on Space physics which opens today must 
s imiar ize  a l l  of t h e  research which has beenperformed and must i nves t iga t e  
t h e  prospects  fo r ,  and problems of ,  fu tu re  research. 
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With c e r t a i n  exceptions, t h e  sec t ion  "Upper Atmosphere of t h e  Ea.rth"/lO 
i s  pr imari ly  devoted t o  problems r e l a t ed  t o  upper atmosphere proper t ies  
and t o  t h e  processes occurring wi th in  it.. 

This sec t ion  i s  opened by a repor t  which discusses  i n  random 
order t h e  concepts regarding t h e  interconnection between d i f f e r e d  upper
atmospheric processes and processes i n  c i r cumte r re s t r i a l  space, and 
regarding t h e  necess i ty  of inves t iga t ing  them concurrently.  

Many r epor t s  are devoted t o  determining and analyzing t h e o r e t i c a l l y  
t h e  s t r u c t u r a l  parameters of t h e  upper atmosphere. Data are c i t e d  which 
ind ica te  t h e  p o s s i b i l i t y  of temperature inversion a t  a n  a l t i t u d e  of 
150-170km. However, it must be noted t h a t  t h i s  problem requi res  f u r t h e r  
study i n  order  t o  c l a r i f y  t h e  heat  outflow mechanisms. 

A por t ion  of t h e  r epor t s  i s  devoted t o  atmospheric op t i c s  and t o  
inves t iga t ing  atmospheric emission. I n  c e r t a i n  repor t s ,  o p t i c a l  observa
t i o n s  or t h e  s p e c t r a l  composition and atmosphere emission i n t e n s i t i e s  a r e  
employed t o  formulate a judgement regarding the  lowest atmospheric layers  
c lose  t o  t h e  E a r t h .  

The volume of experimental information presented i n  t h e  d i f f e r e n t  
r epor t s  i s  qui te  extensive.  However, t h e r e  are s t i l l  not enough da ta  t o  
make a prec ise  determination of a l l  t h e  d i f f e ren t  parameters and proper
t i e s  of  t h e  upper atmosphere. Further research and t h e  compilation of 
more extensive information are r equ i s i t e ;  as a r e s u l t  of t h i s ,  t h e  r e s u l t s  
obtained can be re f ined  and it w i l l  be poss ib le  t o  compile a d e f i n i t i v e  
s i m a r y  of our information regarding t h e  upper atmosphere. This lack of 
d a t a  a l s o  imposes an element of uncertainty i n  t h e  t h e o r e t i c a l  in te rpre
t a t i o n  of d i f f e r e n t  phenomena occurring i n  t h e  upper atmosphere. There
fore ,  many t h e o r e t i c a l  s tud ies ,  p a r t i c u l a r l y  those presented a t  t h e  
Conference, purely r e f l e c t  the  opinions of t he  authors,  and ; iecessi ta te  
f u r t h e r  refinement. 
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CERTAIN PROBLEMS OF UPPER ATMOSPHERE PHYSICS 
AND SPACE ITEAR THE EARTH 

V. I. Krasovskiy 


In a very brief summary, it is impossible to even lightly touch 
upon all the very basic problems entailed in the physics of the upper 

/11 
atmosphere and space near the Earth. We shall examine only one general 
portion of these various problems here, which will illustrate the close 
interrelationship between phenomena which are usually examined, analyzed, 
and studied completely separately. Warming and circulation of the atmos
phere, photochemical conversions and ionization, atmospheric emissions, 
atomic and allotropic composition, periodic and sporadic geomagnetic 
variations, aurorae polaris and outer corpuscular streams, and particu
larly the phenomenon of "radiation zones or bands" (which has been arti
ficially elevated to the rank of the most important and key phenomenon), 
etc. - all of these phenomena will no longer appear to be even condi
tionally separated after the comparison is completed. In order to evalu
ate the methodological aspect of the problem, it is important to note 
that important factual material which can be used to evaluate these 
problems has been obtained, not only by means of rockets and satellites, 
but also to a lesser extent by means of numerous observations and studies 
performed on the Earth. 

In practical terms, the total, general composition of the Earth's 
atmosphere is conserved to a sufficient extent. All the various conver
sion processes and processes of motion in the atmosphere are primarily 
caused by energy transmitted by radiantand corpuscular radiation of the 
sun. Above the equatorial and the mean latitudes, the main photochemical 
and ionization conversions and heating are related to radial radiation. 
It should be noted, however, that - although the absorption process of 
this agent is sufficiently clear at the present time - data on this process 
are still inadequate for formulating a definitive judgement on such finite 
phenomena as heating and degree of ionization. 

The essential factor is that a significant portion of the heat is 

liberated during inverse recombination proce'sses, occurring with a cer

tain delay, which disturbs the cophasal relationship with the process of 

radiation absorption. There are many gaps in this area. They can be 

eliminated by means of direct observations in the outer atmosphere, by 

observations performed on the Earth regarding its emission and ionization, 

and also by additional laboratory studi-esof the corresponding elementary 

processes. 


In the high latitudinal regions, a significant amount of energy is 

sporadically introduced into the Earth's atmosphere, particularly during 

the years of maximum solar activity. This energy is caused by streams of 

energetic corpuscles which are apparently primarily particles of solar 

corpuscular streams which change their energy. !?his factor causes par

ticularly intense heating, chemical conversions, and ionization. 
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Verification has also now been provided for the phenomenon of outer at

mosphere heating due to magneto-hydrodynamic waves formed during the 

interaction of solar corpuscular streams with the magnetic field of the 

Earth. Ehsic, up-to-date information on the phenomenon of corpuscular 

influx,accompariying the aurorae polaris and contributing to their geo

magnetic perturbation, is constantly being obtained, not only by means of 

rockets and satellites, but also by means of numerous observations per

formed on the Earth. 


It is our purpose to draw attention to the circulation processes in 
the upper atmosphere at levels above 100-150 km, which have barely been 
studied. However, as will be show below, these processes have a signifi
cant influence on all processes occurring in the outer atmosphere and 
circumterrestrial space. The circulation process is directly related to 
the process by which the outer atmosphere is irregularly heated; in addi
tion to a certain tidal action, this is the primary source of circulation. 

Present day information on circulation of the atmosphere is very /12
limited. We should first point out the generally-known diurnal solar 
vari-ationsand the geomagnetic field, which are due to the variable in
fluence of solar heating and tidal forces (Ref. 1). Unfcrtunately, data 
on geomagnetic variations provide only a certain amount of information 
on the strongly-averaged changes in atmospheric circulation on levels 
which have not been established accurately, and do not provide any infor
mation on the constant component of this circulation. The movement 3f 
ionosphere nonuniformities (Ref. 2) apparently points to intense circu
lation in the upper atmosphere with enormous dispersion of velocity and 
direction. They seem to indicate that at altitudes of about 200 km, at 
low latitudes on the average, winds predominate which coincide with the 
rotational direction of the Earth. At latitudes of greater than 30-hO0 
on the average, winds predominate which haxe the opposite direction. How
ever, data on the wind direction do ‘notexclude, on the average, winds of 
any meridional direction. After analyzing the evolution of the satellite 
orbits recently, King-Hele (Ref. 3) discovered the existence of considerable 
systematic wind movements at altitudes of 2OO-3OO km in the rotational 
direction of the Earth. 

According to Chamberlain (Ref. 4), in the zone of the aurorae polaris

the regions of increased ionization are usually distributed more equa

torially than the luminescent formations. To a certain extent, this 

points to the existence of a wind going from the poles to the equator 

at this time, since the conservation of ionization is a much longer pro

cess than is radiation. 


As is known, variations in the upper atmosphere density, caused by a 
change in its heating (Ref. 5, 6), were determined by analyzing the braking
of the satellites. In a study by M. Ya. Marov (Ref. 7) which was performed 
by means of this same method, variations in the atmospheric density at an 
altitude of 170-300km with the diurnal period and as a function of solar 
activity - including the time interval encompassing its minimum - were 
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clearly discovered on the basis of the braking of several Soviet satel
lites. Even in 1958 (Ref. 8), when anLlyzing processes in the region of 
the aurorae polaris, we showed that during the development of the aurorae 
polaris, there is intense heating and "inflation" of the upper atmosphere 
in this region. This primarily points to an increase in the altitudinal 
extension of the region with intense eniission of ionized nitrogen mole
cules. An increase in the upper atmosphere temperature should be pointed 
out in the region of the aurorae polaris red spots (Ref. 9-11),determined 
on the basis of the Doppler width of the red oxygen emission. Tempera
tures extending up to 3500" K were recorded. Very intense, red oxygen 
emission also points to a high upper atmospheric temperature during 
several aurorae polaris. Aurorae were also recorded in which, above the 
300-kilometer level, the majority of oxygen atoms occurred in a meta
stable state, whose energy of excitation was about 2 ev (Ref. 12). Al
though this assumption was met with a very sceptical attitude in 1958, 
nevertheless there is now no doubt after Jacchia (Ref. 13) discovered a 
density increase in the upper atmosphere at about 200 km during geomag

netic storms, on the basis of the orbital evolution of the satellite 

with the polar orbit. 


Thus, it can now be confidently asserted that .thereis intense circu
lation in the upper atmosphere and that there are processes which stimu
late it. Apparently, there are winds having very different directions, 
with velocities ranging from zero to 3*104cm-sec-'. However, the scheme 
of' general planetary circulation, its zonal sectional structure with verti
cal ascending and descending currents,is not completely clear. Such de
tails are very significant for many geophysical processes. Horizontal 
circulation is indicated by local variations in the distribution of densi
ty and pressure, particularly at high altitudes. The vertical agitation /13
disturbs the normal molecular composition. The upward impact of a large 
amount of molecules leads to an increase in the ion recombination coeffi
cient, and therefore changes the degree of ionization and electro-conduc
tivity of the ionosphere. The vertical and horizontal motion of the atmos
phere is essentially reflected in emissions of the upper atmosphere repre
senting these processes. 

During the last five to ten years, new upper atmosphere emissions have 

been discovered and regularly observed in the Soviet Union (Ref. 14). Among 

these, those of the greatest interest are the hydroxyl, atomic hydrogen', 

and helium2 emission. It has now been established that helium emission is 


This pertains to the emission of atomic-hydrogenwith a narrow Doppler 

emission contour, in contrast to the previously known atomic hydrogen

emission of the aurorae polaris with a wide contour. 


The discovery of crepuscular helium emission, and the determination of 

its excitation mechanism which is only possible for a large helium con

centration in the upper atmosphere (Ref. 15), preceded the development 

of the newest atmospheric models with a large helium content at high 

altitudes (Ref. 16). 
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caused by fluorescence i n  s o l a r  ra,diation of metastable helium atoms ex
c i t e d  by ''fresh'' photoelectrons formed during t h e  ion iza t ion  of t h e  upper 
atmosphere ( R e f .  17). An ana lys i s  of t h i s  process shows t h a t  a t  a l t i t u d e s  
of about 500 km, t h e  concentrat ion of t h e  neu t r a l  helium - t ak ing  i n t o  
account t h e  a l t i t u d i n a l  temperature d i s t r i b u t i o n  and separat ion by d i f fu 
s ion  - c lose ly  coincides wi th  i t s  concentration on Earth (Ref. 18). How
ever, an ana lys i s  of t h e  hydrogen emission i n t e n s i t y  shows t h a t  a t  l eve l s  of 
a,bout 100-200 km, t h e  hydrogen concentration i s  s ign i f i can t ly  l e s s  than  
those values which are provided by d a t a  on hydroxyl emission at levels 
below 100 Ism. Therefore, w,e must assume t h a t  atomic hydrogen disa,ppears 
very ra,pidly from t h e  upper atmosphere due t o  a very high temperature, 
which i s  nevertheless  i n s u f f i c i e n t  f o r  s i m i l a r  d i s s ipa t ion  of t h e  heavier  
helium atoms. The d i s s i p a t i o n  of hydrogen w i l l  be most in tense  i n  regions 
with a higher temperature. Atmospheric c i r cu la t ion  suppl ies  hydrogen 
reserves  t o  t h i s  region from o the r  regions, and the re fo re  it i s  very 
important i n  an ana lys i s  of t h e  general  planetary d i s t r i b u t i o n  of atomic 
hydrogen i n  t h e  upper atmosphere. 

A s  we have a l ready  reported ( R e f .  19-23), as a r e s u l t  of analyzing 
r e s u l t s  obtained by means of the  s a t e l l i t e s  "Kosmos-3" and ' ' K o ~ ~ o s - ~ ' ' , ,  
we arrived a t  t h e  assumption t h a t  t he re  i s  an e l e c t r i c  f i e l d  i n  t h e  mag
netosphere. Ionosphere c i r cu la t ion ,  having a ve loc i ty  amounting t o  sev
eral  hundreds of meters pe r  second i n  a d i r ec t ion  which i s  perpendicular 
t o  t h e  geomagnetic f i e l d  (having an i n t e n s i t y  of 0.3 t o  0.6 oe), c r ea t e s  
an electromotive force  amounting t o  10-4v.cn -1 . A s  a r e s u l t ,  each sec
t i o n  of t h e  ionosphere acquires  a c e r t a i n  eigen e l e c t r i c  p o t e n t i a l  which 
i s  t ransmi t ted to  t h e  plasma occupying t h e  geomagnetic tube  operat ing i n  
t h i s  sect ion,  s ince  t h e  electroconduct ivi ty  of t h e  plasma along t h e  geo
magnetic force  l i n e s  i s  large.  The e l e c t r i c  f i e l d  s t rength,  which i s  
l e s s  than lO-*v.cm -1, i s  s i g n i f i c a n t l y  less than t h e  values indicated by 
c e r t a i n  authors  ( R e f .  24-26) as a r e s u l t  of t h e i r  d i r e c t  measurements i n  
the  ionosphere. The j.mpress?'.m i s  gained t h a t  these r e s u l t s  are erroneous. 
Nevertheless, even values from lO-*v-cm-' and l e s s  open up new, p o s s i b i l i 
t i e s  f o r  i n t e rp re t ing  t h e  phenomenon of t he  aurorae p o l a r i s  and t h e i r  so-
ca l l ed  r ad ia t ion  zones. I n  t h e  pre l  iminazy siirmnary presented below, which 
aktempts t o  consider new p o s s i b i l i t i e s ,  w e  have neglected t h e  f a c t  t h a t  i n  
t h e  r e a l  ionosphere, t h e  wind v e l o c i t i e s  and d i rec t ion ,  as w e l l  as t h e  
e lectroconduct ivi ty ,  change with a l t i t u d e .  

Figure l , a ,  shows schematica.lly a c e r t a i n  meridional band of t h e  
ionosphere ( s Q l i d  l i n e ) .  A s  a r e s u l t  of c i rcu la t ion ,  t h e  electromotive /1_4
force  AV i s  exc i ted  between i t s  poin ts  A1 and B1. A t  t h e  po in t s  A1 and 
Bi t h e  geomagnetic force  l i n e s  e n t e r  t h e  ionosphere, leaving poin ts  A2 
and B, i n  t h e  s a m e  ionosphere zone i n  another hemisphere. These po in t s  are 
designa,ted schematically by t h e  dashed l i nes .  However, t h e r e  i s  no e l ec t ro 
motive force  i n  t h e  A2 and B, sect ion.  The e l e c t r i c  r e s i s t ance  of t h e  cor
responding sec t ions  i s  indicated by t h e  l e t t e r  R w i t h  d i f f e r e n t  indexes. 
Figure l,b, schematically presents  an approximate scheme of t h e  e l e c t r i c  
charge. The r e s i s t ance  R models t h e  t o t a l  r e s i s t ance  of  t h e  ionosphere be
tween poin ts  B1 and B2. %nee t h e  e l e c t r i c  r e s i s t ance  along t h e  geomagnetic 
force l i n e  i s  t o o  s m a l l ,  t h e  vol tage decrease w i l l  be determined only by t h e  
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Figure 1 


resistances A R ~  and AR, . On the average, these resistances are approxi
mately the same. Therefore, the potential difference between the ad.ja
cent geomagnetic force lines will be approximately equal to AV/2. If 
there is an electromotive force AV in the A, and B, section, having a 
direction which is symmetrical with respect to the point 0 at the equa
tor, then the potential difference between the adjacent geomagnetic lines 
will equal AV. Usually the electromotive forces in both hemispheres 
always tend toward being symmetrical. Therefore, irregardless of whether 
there is no electromotive force in one hemisphere, the potential difference 
between adjacent geomagnetic lines w i l l  not be less than V/2. Thus, the 
possible values for the potential difference AE will range from AV to AV/2. 
AE can be calculated according to the formula 

A E  = 
A V A R l  - A V A  R1 

N-

AV 
Ah’2Ru A R l + A R z  2 

A R I  + 81+ A R z  +hn,+o 
(ARI- A.122). 

The potential difference E between the point 0 at the equator and any 

geomagnetic line, operating at any point A, will be determined by the total 

of the individual potential differences throughout the entire length from 

0 to A. This system of electromotive forces is produced by wind motion 

along the parallels. If the wind direction is from the west to the east, 

then the outermost geomagnetic tubes will have a more negative potential 

with respect to the equatorlal ionosphere, and vice versa. The electric 

field strength around the apex of the geomagnetic force lines will be less 

than the intensity of the electric field in the ionosphere by a factor approx

imately equal to the square of the ratio of the distance of the geomagnetic 

force line apex *om the center of the geoiwgnetic dipole to the Earth’; radius. 


Figure 2, a, schematically shows by means of heavy lines two adjacent 
meridional zones of the ionosphere. The thinner perpendicular lines repre
sent the position of the geomagnetic parallels in both hemispheres. The /15
dashed lines represent the geomagnetic force lines. The electric resistances 
of different sections are designated by the letter R with different indices. 
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Figure 2 


The electromotive force AV can occur either in both AI, F1 and A,, B,
sections symmetrically with respect to the equator, or in one of the sec
tions. Figure 2, b, presents an approximate scheme of the electric loading 
for this case. Resistances RA and RB model the total resistance of the 
ionosphere between the points A,, A, and B1, B,, respectively. If the 
same line of reasoning is pursued as in the case of circulation along the 
parallels, we find that in this case, the potential difference AE between 
adjacent geomagnetic force lines will range from AV to AV/2 .  In this case, 
LIE can be calculated according to the following formula: 

A V A  R I  AV 

This system of electromotive forces is created by the wind movements along 

the meridians. If the winds move from the equator to the poles, then the 

induced electric field will be directed from the east to the west, perpendi

cularly to the meridional planes, and vice versa. The intensity of the 

electric field between adjacent apexes of the geomagnetic force lines will 

be less at different longitudes than the intensity of the electric field in 

the ionosphere, by a factor which approximately equals the ratio between 

the distance of the geomagnetic force line apex from the center of the 

geomagnetic dipole and the Earth’s radius. 
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It should be noted that even for asjnn”trica1 circulation of the 
upper atmosphere in both hemispheres of the Earth, similar electric fields 
occur due to the high electroconductivity of the geomagnetic force lines 
at their terminal points. This fact is very significant for explaining 
the identical structure of the northern and southern aurorae polaris and 
their development. 

In the case of an electric field in the magnetosphere, an additional 

drift of charged particles will appear which will be combined with the 

drift caused by the magnetic field gradient and the curvature of the geo

magnetic force lines (Ref. 27). The velocity of the additional drift in 

the electromagnetic field can be determined according to the well-known 

expression: LL6 

V‘ = 10-8Bcnt . sec-1, 

where E is the intensity of the electric field in v-cm-l;H is the inten

sity of the magnetic field in oersteds. In the absence of an electric 

field, the velocity of the usual drift Vo can be approximately written as 


Vo -1,GWR2~. 

where W is the energy of a charged particle in electron volts; R is the 
ratio of the distance of the geomagnetic force line apex from the center 
of the geomagnetic dipole to the Earth’s radius; c1 is the dimensionality
coefficient and has a numerical value of unity. 


Since the drift velocity in an electromagnetic field is primarily 
determined by the wind velocity, the former can be expressed by the latter 
(H barely changes within very small limits from 0.3 to less than 0.6 oe 
in the ionosphere since the pre-polar regions are not considered). However, 
the drift velocity will be different for winds having a meridional direc
tion and a direction which is perpendicular to it. In the case of meri
dional winds, we have 

VL- 1’ /12 si11./ 

and in the case of winds along the parallels we have 

where V I ,and VIare the velocities of the corresponding winds in the 
ionosphere; R - the ratio of the distance from the geomagnetic force line 
apex to the center of the geomagnetic dipole to the Earth’s radius; J -
inclination. Both positive and negative particles will always drift with 
meridional winds directed from the equator to the poles, within the geo
magnetic field and vice versa. For winds along the parallels, these parti
cles will always drift along the parallels in 2 direction which is opposite 
that of these winds. The circulation system of‘the upper atmosphere and 
the system of electric fields created by it are complex in nature. In 
principle, it is always possible to regard both the meridional component 

14 


a 



and the perpendicular component as constant in time and changing with 

different characteristic geophysical periods. Since we do not know the 

exact wind velocities and directions at high altitudes, we shall confine 

ourselves to approximate oriented examples, assuming.thatthe wind 

velocity equals 3*104cm*sec-1. 


At a distance of two radii from the center of the Earth, perpendicular 
winds will shift particles from the apexes of single drift areas to others 
with a velocity of 1,000km/hour, which corresponds to a shift of 4O per 
hour along the geomagnetic latitude. At a distance of 7 earth radii 
i.e., in the region corresponding to the aurorae polaris - winds having 
a similar direction will produce shifts with a velocity of 55,000 km per 
hour, which corresponds to a shift of 40' per hour along the geomagnetic 
latitude. A supplementary drift velocity caused by electromagnetic drift, 
produced by ionosphere winds along the parallels, will equal 6.10~and 
2*105cm'sec-lat a distance of 2 and 7 radii from the center of the Earth, 
respectively. We should point out that at these distances, charged parti
cles having an energy of about 10 and 3 kev, respectively, will have this 
drift velocity inan electrically neutral geomagnetic field. These energies 
are most characteristic for electrons exciting the aurorae polaris. 

In the case of combined drift, the energy of drifting, charged parti
cles will change periodically or randomly, depending on the characteristics 
of the ionosphere circulation. Significant effects will result from drift 
related to winds having a meridional direction. For one drift rotation /17
of an energetic charged particle around the Earth, the mean intensity of 
the electric field - caused by a narrow band of meridional winds - will 
equal zero. When it moves above the system of winds passing from the 
equator to the poles, the particle will drift from the normal drift areas 
to the drift areas having smaller L, increasing its energy. When it moves 
outside of this system, the reverse process will occur. When it moves 
above a system of winds going from the poles to the equator, the particle 
will drift from the normal drift areas to drift areas with larger L, de
creasing its energy. When it moves outside of this system, the reverse 
process will occur. An energy change at any section of the drift path 
in these cases will not depend significantly on the distance of the drift 
trajectory apex from the Earth. It will be determined by the total 
electric field change in the ionosphere, directed along the corresponding 
geomagnetic parallels. If even a small field strength is assumed in this 
direction - for example, 10-5v.cm-1- then the energy change along the 
parallels above the 1,000km section is 1 kev. 

When the charged particles change from single drift areas to others, 

for winds of any direction the altitude of the specular points changes. 

When the particles move from larger L to smaller L, the specular points 

of the charged particles having any sign descend to lower altitudes, since 

the isolines of the magnetic field strength are located at smaller L below. 

When the particles move from smaller L to larger L, the opposite process 

will occur. In the first case, it is possible that the drifting particles 
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will pour out more intensely, if the specular points descend to the more 

dense portions of the atmosphere at smaller geomagnetic latitudes. 


However, during 'thesemovements the energy, and consequently the 
pitch-angles, of the drifting charged particles change, which complicates 
the picture considerably. If there is a decrease in the pitch-angles, 
the specular points will descend to an addit2onal extent, and if there 
is an increase in the pitch-angles, the specular points will increase to 
an additional extent. If the energy of a charged particle increases as 
a result of the combined drift in electric and magnetic fields, then the 
pitch-angles will increase, and vice versa. The wind component, directed 
along the parallels, forms radially-directed electric fields, which have 
a different influence upon the positive and negative particles. If these 
electric fields are formed by the wind component moving in the direction 
of the Earth's rotation, then the pitch-angles of the negative particles 
will increase when the charged particles descend from larger L to smaller 
L, while the pitch-angles of positive particles will decrease. With a 

rise in the charged particles, the reverse will be the case. If these 

electric fields are formed by the wind component moving in a direction 
which is opposite to the Earth's rotation, when the charged particles 
descend from larger L to smaller L, the pitch-angles of the negative 
particles will decrease, while the pitch-angles of the positive particles 
will increase. When the charged particles ascend, the reverse will be 
the case. Thus, diverse cofiditions are created for positive and negative 
particles pouring out, depending on the wind direction along the parallels. 
It is interesting to point out in this connection that during the aurorae 
polaris, small-energy protons pour out outside of the regions having the 
most intense electron streams (Ref. 4, 21, 2 3 ) .  Electric fields influence 
charged particles with small energies to the greatest extent. Such phe
nomena were very recently analyzed by foreign authors (Ref. 28-30). 

Winds directed along the parallels could not lead to significant 
changes in the drift areas for a geomagnetic dipole which coincides with 
the center of the Earth. In this case, there would only be a certain 
acceleration or retardation of the charged particle drifts around the 
Earth. However, the picture is essentially different, since the geomag
netic dipole is actually shifted with respect to the center of the Earth /18
from the longitude of the Atlantic to the longitude of Indonesia. As a 
result, the areas of normal drift in the geomagnetic field which is elec
trically neutral penetrate to small altitudes above the longitudes of 
the Atlantic, and to large altitudes above the longitudes of Indonesia. 
However, areas having identical potential difference with respect to the 
equatorial ionosphere penetrate to large altitudes above the longitudes 
of the Atlantic, and to small altitudes above the longitudes of Indonesia. 
As a result, the customary drift areas in an electrically neutral geomagnetic 

field are located at lower altitudes above the longitudes of the Atlantic, 

and at higher altitudes above the longitudes of Indonesia. However, areas 

with the same potential difference with respect to the equatorial ionosphere 

occur at higher altitudes above the longitudes of the Atlantic and at 
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Figure 3 


lower altitudes above the longitude of Indonesia. This takes place, due 
to the fact that in the ionosphere isolines, having identical electric p+ 
tentialwith respect to the equator, are located at different distances 
from it due to dissimilar magnetic field strength. Due to the large 
strength of this field, these distances are smaller at the longitudes of 
Indonesia than they are at the longitudes of the Atlantic. However, 
magnetic tubes, operating on one and the same isolines, correspond to 
larger L above the longitudes of the Atlantic than they do above the 
longitudes of Indonesia. This is shown schematically in the cross section 
of the geomagnetic equator plane in Figure 3, in an exaggerated manner. 
The letter 0 designates the center of the Earth, while the letter M desig
the center of the geomagnetic dipole. The small circle, drawn with the 
heavy line, indicates the distance from the center of the Earth, to which -
in the case of a geomagnetic field which is electrically neutral - the 
apex of the drift area descends. The specular points of this drift area 
above the region of the Atlantic are located on those dense atmospheric 
regions where drifting particles perish. ‘!?hecross section of this area 
is represented by the dashed line. It is impossible Tor  charged particles 
to exist for a long period of time at the lower drift envel-opes. The dot 
designates the point at which the geomagnetic force h i k s  having identical 
potential intersect the plane of the geomagnetic equator. Due to non
uniformity of the ionosphere winds, this cross section can actually be 
crooked. Charged particles having small energies will drift close to the 
areas of equal electrical potential, while charged particles having large 
energies will drift close to the drift areas in the geomagnetic field 
which is electrically neutral. The fine line represents the equatorial 
contour of a certain over-ali drift trajectory corresponding to particles 
having average energy. It shows that, in the case of an electric field, 
other, lower drift areas are possible below the normal maximum drift. 
The locations of the specular points are shifted - with respect to the 
corresponding regions of the upper atmosphere, the rotational axes of the 
Earth, and the geomagnetic dipole - in a similar manner to the equatorial 
cross section of the drift areas shown above. Figure 3 shows that at low 
altitudes hard particles will predominate at longitudes of the Atlantic, 



while soft particles will predominate at longitudes of Indonesia. 


V. V. Temny (Ref. 31), as well as many other authors (Ref. 3 2 ) ,  has 
confirmed the .factthat the intensities of protons having energies greater 
than 50 Mev for L which are smaller than 3 can be expressed in the usual 
B,L-coordinates with small dispersion. However, V. V. Temny (Ref. 3 3 ) ,  
as well as 0. L. Vaysberg and F. K. Shuyskaya (Ref. 34), could not clearly 
represent the intensities of electrons having energies of 50-150 kev in 
these usual B,L-coordinates, due to the large dispersion. The dispersion 
observed clearly depends on longitude and possibly on local time, since 
at longitudes corresponding to the data obtained by means of the satellites 
1 1 K ~ s m o s - 3 1 1  there was a definite local time in the majorityand r1K~smos-5", 

of cases. 0. L. Vaysberg and F. K. Shuyskaya also observed an anomaly in 

the electron distribution with respect to pitch-angles at longitudes of 

East Africa. This anomaly consisted of the fact that at certain longi

tudes, at one and the same L and B, electrons having energies greater 

than 50 kev have a velocity distribution diagram which is flatter in a 

direction which is perpendicular to the geomagnetic force lines, and 

this anomaly is accompanied by a decrease in the stream intensity of 

these electrons. T. M. Mulyarchik (Ref. 35) showed that at certain alti

tudes very hard electrons having energie,,greater than 50 kev are observed 

at Atlantic longitudes, while softer electrons are observed at Indonesia 

longitudes. These facts, it seems to us, point to the existence of elec

tric fields in the magnetosphere, as was postulated above. 


The existence of an electric field in the magnetosphere with constant 

and variable components substantially changes the concepts which have 

existed up to the present regarding the almost stationary radiation zones. 

In view of the statements given above, the space around the Earth appears 

to be an almost ideal trap for energetic charged particles, although 

effective methods for these articles to penetrate this t-aphave not yet 

been found. Speaking figuratively, one could say that i-.is similar to 

a "sponge", which can ''absorb''and "squeeze out" the energetic charged 

particles and thus change their individual energy. In those cases when 

the meridionalwinds, which pass from the equator to the poles, penetrate 

the geomagnetic latitudes at which the geomagnetic force lines of the 

boundary regions of the magnetosphere are at rest, canals appear for the 

penetration of the outer, interplanetary plasma, or of the solar wind, 

deep into the magnetosphere. When the meridional winds move in the re

verse direction, the energetic charged particles are removed far beyond 

the limits of the magnetosphere. The random nature of the ionosphere wind 

structure is accompanied by energetic charged particles being scattered in 

the magnetosphere. 


At one time, attempts were made to regard the radiation zones as the 

primary source of the aurorae polaris. However, from an energy point of 

view such an assumption is erroneous. In the so-called outer radiation 

zone, the energy flux of trapped particles does not exceed 10 erg-~r!i-~*sec-l, 

even in its center around the equatorial plane. A flux is implied which 




equals 10 particles - em-’-sec- with a clearly exaggerated individual 
particle energy of about 10’ kev, which is greater than the usual kev 
in the case of the aurorae polaris electrons. It could hardly be serious
ly expected that such fluxes create the powerful aurorae polaris having 
the intensity 4 on the international scale. The mean radiation flux of 
such aurorae amounts to 200 erg.cm-’.sec-l (Ref. 4), which is less than 
the energy flux o f  corpuscles causing this phenomenon. It should be kept 
in mind that the actual f lux  of liberated energy in individual concen
trated formations - for example, rays - usually exceeds the mean value 
indicated above by a factor of two. For purposes of clarity, we should 
remember that very weak aurorae polaris, having an intensity of 1 on the 
international scale, are 1,000 times weaker than aurorae having an inten
sity of 4. Adjacent intensities differ from each other by a factor of 
10. 


It is also frequently stated that during the aurorae polaris an un
interrupted acceleration of the eigen Earth particles is initiated in the 
radiation zones, by a method which has still not been determined. In
creasing the eigen energy, these particles penetrate the denser portion 
of the atmosphere and excite the aurorae polaris. However, this entire 
phenomenon is probably due to the absence of an adequate amount of low-
energy charged particles, or an uninterrupted influx of them, in the 
corresponding equatorial regions of the magnetosphere. The low-energy 
charged particles in the central regions of magnetic tubes can be aug
mented only by a thermal plasma stream from the boundary of the exosphere. 
The inverse energy flux of such accelerated particles will always be less 
than 2unv/6, where U is the mean energy acquired after acceleration by these 
particles; this energy approximately e3uals erg (-10 kev). n repre-& 
sents the number of ion pairs per 1 em at the boundary of the exosphere; 
v is the thermal velocity of heavy ions. A helium ionosphere having a 
temperature of about 2,r31)0° K usually predominates at the boundary of 
the exosphere. Therefore, the number of ion pairs will be on the order of 
1 0 4 c m e 3 ,  and the velocity of heavy ions will be about 3.105cm.sec-1. Thus, 
the largest possible energy flux obtained in this way will be less than 
10 erg - em-’-see- . It cannot provide the aurorae polaris which are usually
observed in actuality. 

Particular attention must be called to the fact that the energy den
sity of corpuscular streams in the region of the aurorae polaris frequently 
considerably exceeds the energy density of the geomagnetic field in the 
equatorial plane for the same geomagnetic force line. Actually, in 
aurorae polaris having an intensity of 4 on the international scale, the 
energy density of the corpuscles will be greater than 10-7erg-cm-3,since 
only the outflow of energy by means of radiation exceeds 200 erg-cm-’.sec-’, 
while the velocity of electrons having an energy close to 10 kev equals 
2-109cm*sec-1.At the same time, the density of magnetic energy at the 
magnetosphere boundary f o r  geomagnetic force lines operating in the aurorae 

3polaris zones (L - 7), equ.als approximately 4-10-8erg.cm-, since the mag
netic field strength is close to oe at this point. Compression of 
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the charged particle streams by a factor of several tens, when they move 

from the equatorial plane to the polar ionosphere, is possible due to 

acceleration by the electric fields. 


It is thus difficult to establish the fact that there is a regular 
dipole field (Ref. 36) during the aurorae polaris in the region which 
they occupy. However, the usual concepts based on the existence of this 
field have been formulated regarding the radiation zones formed by ener
getic charged particles which - figuratively speaking - are smoothly 
llwc~iiIdaround" the Earth and which form a solid frame around it. During 

the aurorae polaris, the variety of corpuscles observed fully corresponds 

to the variety of particles recorded in the radiation zones. This provides 

a basis for assuming that the predominant amount of particles in the 

radiation zones, as observed in the absence of the aurorae polaris, repre

sents an insignificant surplus of the mass of particles discretely occu

pying certain locations in the magnetosphere during the aurorae polaris, 

and then scattering into more extensive regions. This assumption does 

not exclude the fact that the geomagnetic field may trap very energetic 

protons and electrons formed during the decomposition of albedo neutrons 

of cosmic rays. However, the role of this process is not important due 

to the small total density of particles having very high energy. The 

data obtained from the satellites 'tK~smos-3" indicate that,
and 11K~smos-5" 

even in the so-called inner zone, the total energy of electrons having 

small energy dominates (Ref. 19, 20). 


Present day factual knowledge regarding the aurorae polaris has been 

enriched by numerous docwnen-tsand examples of the penetration of charged 
particles from high latitudinal, geomagnetic force lines to low latitudinal, 
geomagnetic force lines (Ref. 23). The influx of corpuscles, which over
lap in terms of latitude by several tens of degrees, has been recorded. 
Enormous irregular energy release in the ionosphere during the aurorae 
polaris leads to intense and irregular heating of it, as well as complex 
circulation. As a result, fluctuating magnetic and electric fields are 
formed in the corresponding regions of the magnetosphere. Under these 
conditions, the drift of energetic charged particles and of luminescent 
formations of the aurorae polaris, which are created by these particles, 
becomes possible at an enormous velocity and in very diverse directions. 
Due to the similarity mentioned above in the electric fields at the terminal 
points of one and the same geomagnetic force lines, the structure of the 
formations in the northern and southern aurorae polaris, as well as their 
development, is similar. As is known, luminescent elements of the aurorae /21
polaris move at an altitude of 100-150km in all directions with velocities 
of several km.sec-'(Ref'. 23). This corresponds to a drift of charged particles
in the equatorial plane, with velocities on the order of tens of lim.sec-l, 
since the magnetic field strength in this region is on the order of oe. 
Thus, the observed drift points to electric fields with an intensity of 
approximately several tens of mkv-cm-', which is very unlikely. 

The lower boundary of the aurorae polaris, their spectrum, and the 
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position of their accompanying centers of ionosphere absorption provide 

valuable information on the nature and the energy of corpuscl.escreating 

the phenomenon of the aurorae polaris (Ref. 4, 23). It has been estab

lished from observations performed on Earth that the main energy libera

tion of the aurorae polaris is related to electrons having energies of 

about 10 kev. During the development of ray-like structures, there is a 

certain proportion of electrons with an enormous energy. Sometimes, both 

before and during the aurorae polaris, there is an influx of protons 

having energies of tens and hundreds of Mev into the Earth's atmosphere. 


The phenomenon of the aurorae polaris also provides rich information 
regarding the nature of the interactions between the solar wind plasma 
and the magnetosphere, as well as the upper atmosphere (ionosphere) of 
the Earth. The electric field in the magnetosphere, which causes circu
lation of the upper atmosphere, cannot change the potential of the polar 
ionosphere with respect to the interplanetary plasma. The solar wind 
moves from the Sun to the Earth at velocities of several hundreds up to 
several thousands of km-sec-l (Ref. 37). However, it has been established 
on the basis of research that the contour of the hydrogen emission of 
the aurorae polaris at the magnetic zenith indicates that protons, pene
trating the dense regions of the atmosphere, have velocities starting at 
zero and extending to thousands of km-sec-l;the main portion of these 
protons has velocities correspond-ingto several hundreds of lun. sec-l 
(Ref. 38-40). 

This occurrence may possibly be explained by the fact that during 

the aurorae polaris the ionosphere acquires a positive potential, reaching 

tens of thousands of volts. As a result, braking of the primary solar 

protons occurs, after which particles having zero and small velocities 

appear. The positive recharging of the Earth's ionosphere is completely 

possible, since at the boundary of the magnetosphere the Larmor ra.dius 

of the solar wind protons is greater than that of its electrons. In 

addition, siich recharging provides for the acceleration of the solar wind 

electrons due to the energy loss of its protons. It follows from the geo

magnetic disturbances that electric jet streams flow from the illuminated 

side to the nocturnal side in both the eastern and western portions of the 

aurorae polaris zones (Ref. 1). This also points to the fact that the 

sections of the ionosphere and the magnetosphere which face the Sun have 

a more positive potential than do their nocturnal sections. 


It is difficult to observe any traces of the influence of weak eigen 
magnetic fields of solar wind in the camplex picture of the aurorae polaris, 
which is determined by the diverse structure of the electric fields created 
by ionosphere circulation. However, a certain indication that they exist 
may be suspected in the fact that streams of more energetic electrons 
having small intensity - which is observed in ionosphere absorption (Ref. 23) 
- appear simultaneously with the development of ray-like structures and 
with an increase in aurorae polaris brightness produced by electrons 
having an energy of about 10 kev. It is improbable that two groups of 
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electrons having different energy spectra will appear simultaneously 

during the process by which energy is redistributed between protons and 

electrons of the solar wind at the boundary of the magnetosphere. How

ever, charged particles having higher energy can be carried from the Sun 

to the "trap" formed by the eigen magnetic fields. 


From this point of view, it is very interesting to recall the exis
tence of two types of aurorae polaris. The first is primarily charac
terized by energy release caused by electrons having an energy of about 
10 kev. The other type is characterized by very intense heating of the /22
upper atmosphere due to magneto-hydrodynamic waves; this is not accom
panied by significant energy release caused by low-energy corpuscles, 
although a certain amount of heavier particles, forming ionosphere ab
sorption, penetrates into the lower regions of the atmosphere. It is 
very possible that the difference indicated above can be related to the 
degree of magnetization of solar corpuscular streams. However, this 
can be caused by the type of circulation in the upper atmosphere in the 
high latitudinal regions. As has already been ;?ointed out, when the winds 
move from the equator to the poles, suction of the outer plasma within the 
magnetosphere is possible; when the winds move in the opposite direc
tion - the reverse process occurs. It is fully nossible that the variable 
wind structure in the polar ionospheres causes very significant fluctua

tions (by several orders of magnitude) in the intensity of the aurorae 

polaris (and the geomagnetic disturbances corresponding to them), whereas 

the recclrded changes in the streams of solar wind particles are small 

(Ref. 37). A great deal of very important research must be carried out 

before definitive conclusions can be reached. Our working hypothesis, 

which is introduced for verification, assumes that the ionosphere circu

lation only produces factors which control the aurorae polaris. This dis

tinguishes this hypothesis from the old, well-known "dynamo theory", in 

which ionosphere circulation was regarded as the energy source of the 

aurorae polaris (Ref. 41). 


Satellites and rockets have still not been sufficiently and effec

tively utilized in studying such an important geophysical phenomenon as 

the aurorae polaris. The main reason for their ineffectiveness lies in 

the fact that they pass very rapidly through the very mobile and concen

trated forms of the aurorae polaris, having a diameter which sometimes 

amounts to hundreds of meters. Therefore, it is very important to study 

the aurorae polaris simultaneously by means of equipment on the Earth. 

Rockets and satellites must study the most important problem of investi

gating the aurorae polaris during the daytime, when it is impossible to 

perform observations on the Earth. The dynamic morphology of the aurorae 

polaris contains many elements which have still not been studied and which 
undoubtedly are of general scientific interest. This is due to the fact 
that the behavior of the plasma in a magnetic field is clearly apparent 
in the phenomenon of the aurorae polaris, on scales which cannot be pro
duced under laboratory conditions or cannot be observed in detail in 
space. 


22 



In summarizing all of the statements made above, we can affirm that 

only a complex study of all the diverse geophysical phenomena, employing 

both rockets and satellites as well as equipment on the Earth, will be 

most effective and productive. The material presented above has illus

trated the direction in which our research has developed, the results pro

duced by this research, and what appear to us to be the most advantageous 

elements in the performance of future research. 
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DENSITY ANE TEMPEFUlTURE OF THE ATMOSPHERE BASED ON 
MEnSUREMENT RESULTS OBTAINED ON HIGH ALTITUDE 

GEOPHYSICAL AUTOMATIC STATIONS IN 1963 
V. V. Mikhnevich 


In order to study the properties of the upper atmosphere, on June 6 

and 18, 1963, rockets were launched with high altitude geophysical auto

matic stations (AGAS). In addition to the scientific research equipment, 

the stations also included ionization and magneto-discharge manometers, 

with which density, pressure, and temperature of the atmosphere were deter

mined. Preliminary results derived from determining densities have been 

published in (Ref. 1, 2). 


Experiment Conditions and Processing Method 


The conditions under which the experiments were performed were as 
follows: 

(1) Comparatively good vacuum frequency: the equipment was placed on 

the automatic station, far from the gas rocket; the AGAS was well pressur

ized; there were no structural elements, etc., in the way of the ionj-za

tion manometer inputs; 


(2) The equipment was stabilized with respect to the Sun during the 
flight; 

(3) There was a relatively high ceilicg to the ascent of the station 

(about 500 km); therefore, the velocity of the station was great below 

350 .km. 


Measurements were performed during the ascent and descent of the 

station. The experiment conditions, as well as the main characteristics 

of the manometers and the boosters, are described in detail in the works f&

(Ref. 1-3). 


The pressure and temperature of the atmosphere were determined on 

the basis of the pressure measured by the manometers, using the method of 

successive approximations.’ The following well-known relationship was 

thus employed (Ref. 4): 


25 




where 


where 


Here Ta and Tn represent the temperatures of the atmosphere and the gas 
in the apparatus; Pa and Pn - pressure of atmosphere and gas in the' 
apparatus; K(O,l,/r) and K(@,l/r) - the Klausing coefficients for a tube 
having the length 1 and the radius r in the absence and presence of a 
directional stream; u - velocity of the directional stream; v - most 
probable velocity for the thermal motion of a particle; �I - angle between 
the velocity vector of the stream and the manometer axis; M - molecular 
weight; R - gas constant; g - acceleration of the force of gravity; 
Re - radius of the Earth; k - Boltzmann constant; hl and h, - altitudes 

' at which the pressures P, and P, exist, respectively. 


When the pressure was determined, corrections taking into account 

the change in the manometer sensitivity, due to an altitudinal variation 

in the gas composition and due to a nonuniform emission current, were 

introduced. In addition, a correction was introduced for gas removal in 

certain cases. 


Results 


Figure 1 presents the atmospheric density on June 18, 1963, and on 

May 16, 1958. 


On June 18, 1963, the rocket was launched at 4 hours 30 minutes local 
time. The radio emission flux of the Sun ( A  = 10.7cm) was F = 82.10-,,

1w-m-2'cps-, according to data from the observatory at Ottawa. On May 16, 
1958, the measurements at different altitudes pertained to a different 
time (13-19hours, local time). The data for May 16 were obtained by means 

of manometers on the third Soviet artificial Earth satellite (AES). The 
flux of solar radio emission was F = 194.10-22'w-m-2-cps - 1  . 
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Figure 1 


Atmospheric Density 


1 - June 18, 1963, 4 hours 30 minutes; mean latitudes of 
the European section of the USSR; AGAS, manometers; 2 -
Ma.y 16, 1958, 13-19hours; third Soviet AES, manometers. 

A comparison of these data confirms the results obtained previously: 
the atmospheric density changes greatly at altitudes above 200 km. The 
change observed in atmospheric density was caused both by a decrease in 
solar activity, as well as by a diurnal effect. The atmospheric tempera
ture above 200 km, recorded on May 18, also decreased considerably as 
compared with the years of maximum solar activity. During the years of 
maximum solar activity, according to data given in (Ref. 5), the tempera
ture at 4 hours local time was 1159O K at an altitude of 300 km; at an 
altitude of 300 km* - it was 1347O K. On June 18, 1963, at 4 hours 
30 minutes, the temperature did not exceed -775O K in the 200-300 km 
altitudinal region. 

Figure 2 presents the altitude of a homogeneous atmosphere H and the 
atmospheric temperature T on June 18 (first and second approximations). 
As can be seen from the altitudinal pattern for the changes in H and T, 
in the altitudinal regions of -165 and-265 km, a temperature decrease 
was observed, while in the altitudinal regions of -145 and -215 km, a 
temperature increase was observed. On June 6, 1963, the temperature and 
altitude of the homogeneous atmosphere displayed a similar pattern with 
altitude (Figure 3). When P, T, p ,  H were determined, values were used 
for the molecular weight and atmospheric composition which coincided with 
~ . .  .* 

Translator's note: 	 This is an obvious misprint in the original foreign 

text. 
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Figure 2 


Altitude of Homogeneous Atmosphere and 

Atmospheric Temperature on June 18, 1963 


1,3 - first; 2,4 - second approximation 

those in (Ref. 5) for S = 100-10-22w-m-2.cps-1(4hours local time). The 

temperature corresponding to these tables was used as the zero approxima

tion. 


Is the observed change in H and T with altitude a result of measure

ment errors, or does it reflect a real change (which actually exists in 

the atmosphere) in the altitude of a homogeneous atmosphere and in tempera

ture with altitude? 


Let us examine the experimental data at our disposal to determine 
the density p of the atmosphere, using manometers and mass-spectrometers 
on rockets. Usually when experimental data are processed, taking into 
account a low measurement accuracy, the experimental points are greatly 
smoothed out. By way of an example, we can point to the works (Ref. 6, 7) 
and also (Ref. 1, 2). Figure 4 plots the experimental points and smoothed 
out curves based on data of Lagow and Horowitz (Ref. 6)and A. A. Pokhunkov 
(Ref. 7). As can be seen from the figure, the authors did not trust the 
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Figure 3 


Temperature and Altitude of Homogeneous 

Atmosphere on June 6, 1963 


Notation is the same as in Figure 2. 


experimental points and smoothed them out, overlooking the systematic 

pattern of the points at certain altitudes. 


A comparison of the primary, smoothed out experimental data on density 

(pressure), which have been obtained by different authors, shows that the 

deviations of the experimental points from the smoothed out curves are the 

same in nature. This compels us to reprocess the experimental data at our 

disposal. Thus, just as during the first processing, the curves were not 

drawn according to the points, but the smoothing out was performed by 

taking into account the systematic pattern of the points. The absolute 

values of H and T given below are not extremely accurate, since we did not 

strive for good congruence of the successive approximations in terms of 

absolute magnitude during the calculations. 


The values for the altitude of the homogeneous atmosphere and of the 
temperature were calculated by the method described above, on the basis of 
pressure measured by manometers on February 21 and August 27, 1958, and 
October 18, 1962. The calculations were also based on the results derived 
from measuring partial nitrogen pressure by the mass-spectrometer on 
November 15, 1961 at 16 hours. In addition, the atmospheric temperature 
was determined on the basis of values for the altitude of a homogeneous 
atmosphere obtained fromsatellite braking (Ref. 8). 



Figure 4 


Atmospheric Density 


August 7, 1951, 11 hours; manometers (Ref. 6). (1 - ascent; 
2 - descent; 3 - averaged; 5 - smoothed-out curve.) November 
15, 1961,16 hours; mass spectrometer, nitrogen (Ref. 7).
(4- pressure inside the apparatus; 5 - smoothed-out curve.) 

The results are shown in Figures 5 and 6. The atmospheric tempera
ture, in accordance with the data in (Ref. 5 ) ,  was used as the zero 
approximation. The values for the molecular weight and atmospheric 
composition are taken from these tables. 

These results basically confirm the data obtained on June 18, 1963: 

the atmospheric temperature above 100 km does not increase monotonically; 

its inversion is observed. Primary, non-smoothed out data on density, 

obtained by Lagow and Horowitz (Ref. 6) on the rocket "Viking-7"on 

August 7, 1961 (see Figure 4), also point to the presence of temperature 

inversion in the altitudinal region of 150-180km. 


The results obtained by means of the mass spectrometer for nitrogen 

are particularly interesting from the point of view of determining tempera

ture, since in this case no assumptions are made regarding the composition 

of atmospheric gas when determining the temperature. In accordance with 

these data (see Figure 6, curve 4), there is a temperature minimum at 
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Figure 5 


Altitude of Homogeneous Atmosphere 


1 - August 27, 1958; 2 - February 21, 1958; 3 - October 18, 1962, 
manometers; 4 - November 15, 1962, mass spectrometer (Ref. 7);
5 - 1957-1959,satellite braking (Ref. 8); 6 - theoretical curve 
(Ref. 9). 


altitudes of -180and -270km, and a temperature maximum at altitudes 
of -160and. -220 km. A similar pattern in the temperature change with 
two mnx-iina and minima in the 100-300 Ian region was recorded - as was 
alre:tciy :;linim - by ~nnnometcrson J u n e  1:3, 1\?63. In experiinentc on 
February 2.1 and Augiict 2r(,l95:), t h e  teinpcraturc ininiiniun was observed 
a t  altitudes of - 1'15 and - 185 km, respectively. 

In the dependence of the change in a homogeneous atmosphere altitude 
and the atmospheric temperature upon altitude - which was found fromthe 
braking of satellites - inversion was a lso  observed in many cases. 

As a result of observations on the braking of six satellites 

("Explorer-4", "Dis~overer-2~~, ftDi~~~~erer-61t, 
11Di~coverer-5", as well as 
the first and third Soviet satellites), King-Hele (Ref. 8) found that 
there is a maximum of the homogeneous atmosphere altitude at-220 km, and 
there i.c a minimum at -260 km. In accordance with these data on the com
position of the atmosphere, according to (Ref. 5), there must be a tempera- /28 
ture maximum and minimum at the indicated altitudes (see Figure 6, curve 5 ) .  
In formulating a model of the atmosphere based on density values determined 
from satellite braking, Paetzold (Ref. 9)postulates the existence of tem
peratu::e inversion (see Figure 6, curve 6). In his model, the value for 


31 




Figure 6 


Atmospheric Temperature 


Notation is the same as in Figure 5. 


inversion during years of maximum solar activity is greater than during 
the period of the minimum. 

The results derived f r o m  determining the altitude of the homogeneous 
atmosphere and the temperature were analyzed by different methods: measure
ments using manometers, mass spectrometers, satellites. This analysis pro

vides a basis for assuming that above 100 km the temperature does not in

crease monotonically when there is diffusion equilibrium of the gas, but 
rather when there is temperature inversion. As is indicated by the measure
ment results using manometers and mass spectrometers, in the altitudinal 
region of loo-300km there are two temperature maxima and minima. The 
altitude of the maxima and the minima is not constant. It is possible 
that temperature inversion does not always exist in this region. 

The inversion of a homogeneous atmosphere, obtained from measurements 
of manometers and from satellite braking, can be explained by the inver
sion in the molecular weight change with altitude, which is less probable 
from our point of view. 

It should be noted that Ya. L. Al'pert (Ref. 10) formulated an assump
tion regarding a temperature minimum at altitudes of 140-160km, in order 
to explain the electron concentration distribution in the F2 region. The 
same assumption vas expressed by Weeks and Wilkes (Ref. 11). At the same 
time, the works of Blamont (Ref. 12) and Nier (Ref. 13) make no mention of 
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temperature inversion. In particular, this may be due to the fact that, 

immediately during the years of minimum solar activity, the inversion 

may be significantly lower, and inversion is not observed as a result of
I experimental and methodological errors (particulary, averaging). 

At the present time, there have been very few rocket experiments to 

determine density and temperature of the atmosphere at altitudes of 100

400 km. Experimental errors are large, and due to this fact it i: impassi

ble to draw def3Liiteconclusions regarding the fine structure of the atmos

phere from a siqgle experiment in many cases. Considering the possible 

fine structurt: -n temperature distribution, it would be desirable to in

crease measwement accuracy in future experiments. 


The problem of temperature inversion in the loo-300km altitudinal 

region requires additional study. 


It is my pleasant duty to express my gratitude to G. N. Zlotin, 

M. I. Men'shikov, I. V. Meyzerov, and their coworkers for their parti

cipation in the preparation, for conducting the experiments, and for 

processing the results. I would also like to thank the coworkers in 

the laboratory in which I work. 
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CERTAIN PROBLEMS ENTAILED IN STUDYING THE STRUCTURE 

OF THE UPPER ATMOSPHERE 


M. N. Izakov 


1. As a result of studies performed by means of rockets and satel- /30
lites in recent years, great progress has been made regarding our 
knowledge of the structure of the upper atmosphere - i.e., regarding 
the distribution with respect to altitude of density, temperature, and 
composition of the atmosphere, as well as variations in these distribu
tions. 

A great portion of the existing data on the structure of the 

upper atmosphere has been summed up in the recently published COSPAR 

International Reference on the Atmosphere (CIRA-65)
(Ref. 1). It can 
be assumed that the main variations in the structural parameters have 
already been determined, although - as will be shown below - their 
quantitative characteristics need to be defined more precisely. Cer
tain assumptions were made in (Ref. 1-4)in summing up the experimental 
data and in formulating models, and these need to be verified. 

The purpose of the present article is to determine the distribution 

of the structural parameters and their main variations, based directly 

on experimental data with a minimum of assumptions, and to compare the 

results obtained with other models. 


For purposes of comparison, the model of Harris and Priester 
(Ref. 1, 2) was used; this model was used as the basis for describing ' 

the thermosphere in CIRA-65.The model of Jacchia (Ref. 3) which was 
also presented in the appendix to CIRA-65(Ref. 1) was also used. 

IIarris and Priester (Ref. 1, 2) performed their calculations, using 

an equation of thermal balance and a barometric formula, with several 


The basic results of this study were presented at the Sixth Cospar 

Symposium (May, 1965,Argentina). 
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simplifying assumptions. The one-dimensionalproblem was examined, 
disregarding horizontal exchange. Constant boundary conditions were 
defined at an altitude of 120 km; the presence of gravitational-
diffusion equilibrium was assumed above this point. An additional 
hypothetical heat source (which the authors attributed to c,rpuscular 
radiation) was introduced in order to have the solution aecee with 
the experimental data. The magnitude of this heat source Tas assumed 
to be comparable with the magnitude of the main heat source due to ab
sorption in the atmosphere of X-ray and ultraviolet solar radiation. 
It was assumed that this additional heat source was dependent on altitude, 
and that this dependence was similar to the dependence for the main source. 
The dynamics of the atmosphere was taken into account in a simplified 
manner by introducing a vertical velocity which was dependent on atmos
phere heating. In spite of these simplifications, by means of a certain 
variation in the parameters introduced into the calculation, this scheme 
made it possible to provide a satisfactory description of the experimental 
data. In the model obtained, the experimental data on altitudinal density 
distribution coincided with the boundary conditions at 120 Ism (which were 
also obtained by averaging the experimental data). In addition, the 
data also agreed with the altitudinal temperature distribution, which 
corresponded to the assumed distribution of the heat source. 

The starting point of the model formulated by Jacchia (Ref. 1, 3) 

was the altitudinal temperature distributions determined by Nicolet 

(Ref. 4), taking into account heating by solar ultraviolet, but from a 
stationary equation of thermal conductivity. The diurnal temperature 
variations in the exosphere are given by an empirical formula - a cosine 
to a certain extent, which is selected for the best description of the 
experimental data. The latitudinal temperature pattern, which is simply 
an interpolation between its diurnal and nocturnal values, is described by 
a similar formula with a different exponent, since there are still very
few data on the latitudinal pattern of the structural parameters (Ref. 5).
Just as in Harris and Priester, it is assumed that the boundary conditions 
are constant at an altitude of 120 krg, and they are determined by averaged /31-
experimental data. Simplifications i'ntroduced into the calculational 

scheme have the advantage that the obtained single-valued dependence 

of density and temperature distributios make it possible to take into 

consideration in a simplified way the latitudinal pattern of structural 

parameters, as well as the seasonal movement of the subsolar point. 


On the other hand, the model of Harris and Priester, which takes into 

account thermal atmospheric inertia, points to certain additional effects 

(indeterminacy of the connection between density and temperature distribu

tion, diurnal pattern which is asymmetrical with respect to the maximum, 

etc.), not provided by a stationary model. 
The main advantage of this model 

lies in the potential possibilities which it provides: this represents 




t he  f i rs t  s tep on the  path toward c rea t ing  a complete and representaAive 
physical  model f o r  t h e  s t ruc tu re  of t he  atmosphere, which i s  based on 
equations of thermohydrodynamics and which takes  i n t o  account a l l  the  
r e a l  sources and heat escapes. 

The work by R. S. Zhantuarov ( R e f .  6) can be regarded as a s tep along 
this path.  By means of c e r t a i n  s implif icat ions,  t h i s  work attempts to take 
i n t o  account t he  i n f l u n c e  of d iu rna l  and semi-diurnal t i d a l  movements on 
the  s t ruc ture  of t atmosphere. 

2 .  The computational scheme which we employed i s  given i n  ( R e f .  7), 
and w e  s h a l l  only b r i e f l y  summarize it here. The qmnt i ty ,  which i s  de te r 
mined 'by the  satel l i te  braking and which equals the  product of the  densi ty  
p by the  square root  of t h e  sca le  height f o r  the  densi ty  Hp, i s  formulated 
as a function of the  a l t i t u d e  h: pH% = F(h).  I n  t h i s  expression H

P 
i s

P 
expressed i n  terms of p, and the  d i f f e r e n t i a l  equation obtained with respec t  
t o  p i s  in tegra ted  over the  a l t i t u d e ,  which gives 

where p o  i s  the  densi ty  a t  the  boundary a l t i t u d e  ho. This equation i s  i n t e 
grated numerically, and consideration i s  given t o  the  v a r i a b i l i t y  of t h e  
coe f f i c i en t  of aerodynamical res i s tance  CD, on which F depends. The de ta i l ed  
der ivat ion of t he  formulas f o r  CD i s  given i n  ( R e f .  8). The pressure p i s  
determined according t o  t h e  densi ty  which i s  found: 

11 

I' = 1'1 + \ pg (111 (21 
1 1 ,  

(where p1 i s  the pressure a t  the  boundary a l t i t u d e  h l ;  g i s  the  accelerat ion 
of gravi ty) ,  by numerical in tegra t ion  downward from the  a l t i t u d e  h l ,  i n  
order t o  decrease the  inf luence of e r r o r s  a t  the boundary conditions. 
F ina l ly ,  the scale  height and the  r a t i o  of the temperature T t o  t he  molecular 
weight M i s  determined: 

where Rg i s  the  universa l  gas constant.  

In  order t o  ca lcu la te  the temperature, the method advanced by Kallmann-
B i j  1 (Ref. 9 )  was applied, with the one d i f fe rence  t h a t  t he  bounda.ry condi
t i ons  a re  es tabl ished a t  t h e  a l t i t u d e  of 200 km, where s a t e l l i t e  
observations have provided ade gJ.ate information regarding the  densi ty  and 
where it can be assumed t h a t  t he  chemical reac t ions  do not d i s tu rb  grav i ta 
t iona l -d i f fus ion  equalibi-ium. The equation a r i s i n g  from t h e  assumption t h a t  
there  i s  gravi ta t iona l -d i f fus ion  and thermal ecyili'brium w a s  used ( R e f .  7): 
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where pi, Mi is the partial pressure and molecular weight of the ith /32
component of the atmosphere. 

The quantities p(h) - which were determined according to formula ( 2 ) 
as well as the quantities pi(ho) - determined according to experimental data 
on the composition - were substituted in this equation. After this, (4)was 
converted into an equation with respect to T, which was then solved on an 
IBM by the Newton method. 

b 


I 
iz 
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Figure 1 


Dependence of Atmosphere Density P at Altitudes of 200-700 km on 
,aDecimeter Flux of Solar Radio Emission F10 

a - diurnal maximum; b - nocturmal minimum. 1 - Present article; 2 - accor
ding to Harris and Priester (Ref. 1); 3 - according to Jacchia (Ref. 3). 

Numerical integration was used to determine the component concentration 

distribution according to calculated temperature distributions with respect 


38 



t o  a l t i t u d e :  I1 

accord5.ng t o  which the  molecular weight w a s  then determined 

3. For t he  spec i f i c  appl ica t ion  of t h i s  scheme, t he  mean year ly  & 
d i s t r i b u t i o n s  of densi ty  with respec t  t o  a l t i t u d e  were used f o r  the  d iu rna l  
m a x i m u m  and nocturnal  minimum - determined by King-Hele ( R e f .  10). A t  t h e  
present  t i m e  a ca lcu la t ion  based on the las t  work of King-Hele ( R e f .  11) i s  
being ca r r i ed  out, supplemented by data from Marov ( R e f .  12). 

The dens i ty  values obtained d i f f e r  from the o r i g i n a l  ones by 10-20$. 
An a l t i t u d i n a l  pa t t e rn  Hp w a s  determined which w a s  more complex than t h a t  
given by other  data ,  as w a s  a l s o  the case for t he  r a t i o  of temperature t o  
molecular weight T / ~(Ref. 7). 

Figure 1presents  the  maximum d iu rna l  d e n s i t i e s  and the  m i n i m u m  noctur
n a l  dens i t i e s ,  determined i n  t h i s  way, a t  a l t i t u d e s  of 200-700 km, a s  a 
funct ion of t he  flux of decimeter radio emission from t h e  sun FI0. This 
figure also plots these deperidencies according t o  Harris and P r i e s t e r  
(Ref.1) and Jacchia  ( R e f . 3 ) .  'The mean amnual values of t he  stream F ~ o  
were determined by averaging i t s  mean monthly values .  

It can be seen from Figure 1 tha t  the  ove r -a l l  pa t t e rn  of t h e  curves i s  
similar; however, ce r t a in  d i f fe rences  can be observed. A t  a l t i t u d e s  less 
t h a n  400 km, our dependencies are f l a t t e r  f o r  Flo > 100, and s teeper  f o r  
smaller F,,. According t o  our calculat ions,  the  densi ty  a t  these a l t i t u d e s  
i s  almost everywhere somewhat grea te r  than t h a t  given by other  models, while 
i t s  d iurna l  va r i a t ions  a,re considerabw smaller. The magnitude of the d iur 
n a l  var ia t ions  increases  someuhat w i t h  a decrease i n  FIG. For a l t i t u d e s  of 
500-700 km, a.11 of our d iu rna l  curves are s teeper  than the  others, ascending 
t o  the curves of Harris and P r i e s t e r  (Ref. 1) for F,, = 230, and descending 
t o  the  curves of  Jacchia. (Ref. 3) for F,, = 80 - 90. Our nocturnal curves 
ascend higher f o r  a n  a l t i t u d e  of h,< 500 km, for a l t i t u d e s  of 600-700km they 
descend lower f o r  Flo> 100, and for lower a l t i t u d e s  they a re  higher than 
t h a t  ind ica ted  by other  models. It i s  t r u e  t h a t  the  last  poin ts  ( f o r  600-
TOO km i n  the  case of Flo < 100) a r e  unre l iab le ,  s ince  there  a r e  not enough 
poin ts  on the o r i g i n a l  curves - as w a s  shown i n  the  work ( R e f .  11) - and the  
curves are extrapolated subs t an t i a l ly  here.  The difference i n  densi ty  values 
between our ca lcu la t ion  and t h a t  provided by other  models amounts t o  a f a c t o r  
of 1.5,  and a t  severa l  po in ts  t h i s  amounts t o  almost a f a c t o r  of 2 .  I n  t h e  
majori ty  of cases, our curves are somewhat c loser  t o  the  curves of  Jacchia  
than they are t o  the curves of Harris and Priester. W e  d id  not  smooth out  
our curves p(F,,), i n  order  t o  emphasize the  f a c t  t h a t  they have been de ter 
mined on the  bas i s  of very f e w  data ,  although the  a c t u a l  pa t t e rn  of t h i s  
dependence i s  apparently f la t te r .  The determinations showed t h a t  t he  m a x i m u m  
e r r o r  i n  the  densi ty  values found amounts t o  d p  = f 50%. 
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Before t h e  r e s u l t s  derived from ca lcu la t ing  the  temperature a r e  pre
sented, w e  should touch i n  grea te r  detai l  upon the  se lec t ion  of boundary 
conditions according t o  da ta  on the composition. Figure 2 presents  t he  
concentrations of t he  main atmospheric components a t  an a l t i t u d e  of 200 km, 
according t o  measurements performed with mass spectrometers ( R e f .  13-17) 
and monochromators (Ref. 18-20), as wel l  as according t o  the  ca lcu la t ion  of 
Harris and Priester ( R e f .  1),as a function of t he  decimeter stream of s o l a r  
rad io  emission Flo, taken f o r  the  appropriate days according t o  da ta  i n  
( R e f .  21). It can 'be seen from the  figure t h a t ,  although there  a r e  very few 
data,  t he  main dependences on the  time of day and the  so l a r  cycle appear t o  
agree i n  general  with those used i n  the model (Ref. 1). However, the  experi
mental data  poin t  t o  a somewhat large va r i a t ion  magnitude. It can a l s o  be 
pointed out t h a t  t h e  f irst  da ta  ( R e f .  13, 18) have a large sca t t e r ,  while 
data  obtained later coincide more closely with each o ther  and with the  model. 

I n  the calculat ion,  we took the  main p a r t i a l  pressures  a t  200 km, de te r 
mined according t o  temperature and concentrations obtained according t o  
(Ref. 1). However, by varying the  concentrations of the main components 
within limits determined by deviat ions of the  experimental po in ts in  Figure 2 
and by repeat ing the  temperature calculat ion,  we determined the  e r r o r  which 
might en te r  i n t o  the  temperature determination due t o  an inaccurate  knowledge 
of the composition a t  200 km. This e r r o r  amounts t o  30-5O0at a l t i t u d e s  l e s s  
than 500 km, and increases  s ign i f i can t ly  a t  higher a l t i t u d e s .  One should 
make immediate note of the  f a c t  t h a t  i n  the  case of the ind ica ted  var ia t ions  
the over-al l  nature  of t h e  a l t i t u d e  dependences does not change s ign i f i can t ly .  
The t o t a l  e r r o r  i n  t h e  temperature caused by d i f f e ren t  f ac to r s  may amount /34
t o  100-150'. 

Figure 3 presents  the  a l t i t u d i n a l  temperature d i s t r ibu t ions  determined 
by t h i s  method. Attention i s  ca l led  t o  ce r t a in  differences i n  these d i s t r i 
butions from the  d i s t r ibu t ions  obtained i n  other  models (as w a s  noted above, 
with d e f i n i t e  assumptions regarding the a l t i t u d i n a l  d i s t r i 'bu t ion  of heat  
sources 1. 

A t  a l t i t u d e s  of 400-500 km, the  majori ty  of the  curves T(h) approaches 
the  isotherms. Two diurna l  curves represent  an exception t o  this: For 
Eo = 232, which produces a temperature decrease above - 400 km, and F,, = 105, 
which produces a temperature increase above - 500 km. However, there  i s  some 
doubt regarding the re la t ionship  between these  two curves. The f irst  curve 
w a s  dbtained i n  1958 during the  i n i t i a l  observational period with AES. The 
number of po in ts  was small, and they apparently include poin ts  which were not 
measured with respect  t o  the  d iurna l  maximum,  but which d i s to r t ed  the curve 
somewhat i n  terms of nocturnal conditions. It should be pointed out, however, 
t h a t  ce r t a in  arguments can be advanced i n  favor of t he  existence of such a 
temperature d i s t r ibu t ion  i n  t he  case of la rge  Flo. A de f in i t i ve  conclusion 
may be reached i n  t h e  next year  of m a x i m u m  so l a r  a c t i v i t y .  

!he second c u e  (d iurna l  m a x i m u m  of  1961) compels us t o  point  out t h a t  
the o r i g i n a l  curve of p(h) (Figure 6, i n  the work [Ref. 11s) a t  a l t i t u d e s  of 
500-700 km can be drawn somewhat lower i n  accordance with the  measured points,  
which br ings the  tempera,ture toward the  isotherms. 
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Fipyre 2 


Dependence of Molecular Nitrogen Concentration As Well As 

Atomic and Molecular Oxygen Concentration On Decimeter 

Stream of Solar Radio Emission At An Altitude of 200 km 


1 - July 22, 1959, 5 hours 15 minutes (Ref. 15); 2 - September 23, 1960, 
0 hours 56 minutes (Ref. 16); 3 - November 15, 1961, 16 hours 00 minutes 
(Ref. 17); 4 - August 23, 1961, 10 hours 05 minutes (Ref. 20); 5 - June 5, 
1962, 5 hours 45 minutes (Ref. 21); 6 - October 25, 1962, 16 hours 30 min
utes (Ref. 21); 7 - June 6, 1963, 7 hours 30 minutes (Ref. 18, 19); 8 -
July 10, 1963, 10 hours 00 minutes (Ref. 22). The light signs pertain to 

data from mass spectrometers; dark signs designate data from monochromators. 

The solid lines and dashed lines, respectively, designate data for diurnal 

maximum and nocturnal minimum, according to the model of Harris and Priester 

(Ref. 1). 


41 




I n  a l l  t h e  curves, there  a r e  temperature m a x i m a  I n  t he  lower thermo
sphere. I n  the  case of la rge  F,, during t h e  day, these  m a x i m a  are located 
a t  a lower po in t  and, based on t h e  d iu rna l  curves, descend 'below 200 km f o r  
F,, = 160 - 230. For s m a l l  Flo during the  night,  they are located a t  a higher 
point,  reaching an a l t i t u d e  of h M 300 km i n  t h e  case of Flo x 80. It i s  & 
t r u e  tha t ,  when the re  i s  a va r i a t ion  i n  the  boundary conditions, t h e  maxima, 
c lose  t o  200 km disappear i n  t h e  curves of Flo> 150. We should note t h a t  
l o c a l  temperature maxima, i n  the  lower thermosphere were a l s o  found by
V. V. Mikhnevich (Ref. 22) i n  the  case of rocke t  measurements. 

&all  m a x i m a  and m i n i m a  on the  curves f o r  small F,, a t  a l t i t u d e s  of 
500-700 km a r e  a pa ren t ly  the  r e s u l t  of a ca l cu la t iona l  e r r o r .  The curves-

themselves f o r  p(h'5 a r e  qui te  unre l iab le  (Ref. ll), and e r r o r s  a r e  more pro-
nounced i n  the  boundary conditions, p a r t i c u l a r l y  because of l i g h t  components 
- helium and hydrogen. F ina l ly ,  thermodiffusion (Ref. 2 3 )  and cor;ditions 
i n  the  exosphere, which make equation (4)inexact,  influence t h e  distribu
t i o n  of l i g h t  components. 

Figure 3 
Al t i tud lna l  Temperature Dis t r ibu t ion  for Differen t  Levels of Solar  

Act iv i ty  (The QuariLty F10 i n  Units of ~ - m - ~ . c p s - l  
i s  Used as a Charac te r i s t ic  of  t h e  Level) 

1 - F10 = 232; 2 - F10 = 210; 3 - F10 = 161;  4 - F10 = 105;  
5 - F10 = 9 0 ;  6 - Flo  = 81; 7 - F10 = 77. 

Sol id  l i n e s  - diurna l  maximum; dashed l i n e s  - nocturnal m i n i m u m .  
. .____.-. . . . . .. . . . .  

Figure 4 c l e a r l y  presents  the  main f e a t u r e s  of the  temperature d i s t r i b u 
t i o n  determined. The temperature o f  the upper thermosphere i n  the  region of 
t he  i s o t h e m  i s  expressed as a function of Flo. According t o  our -a lcu la t ion ,  
we can see t h a t  an amplitude change i n  the  d iu rna l  temperature pa t t e rn  with 
the  s o l a r  cycle i s  found,which i s  l a rge r  than t h a t  provided by o ther  models -
from AT, zz 100 - 1-50' K i n  the  case of F10 NN 80 - 90 t o  ATd x 750" K for 
F,,w 210. 
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Particular attention must be given to the problem of the thermopause 

altitude hc (either of the exosphere base, or of the critical level). The 

altitude of the thermopause h, is calculated as the level at which the mean 


free path of equals the scale height for the concentration Hn:=1 =- dlnn 
n 3' 

above which the role of collisions is small and molecules - having velocities 
close to the critical velocity - disperse from the atmosphere1 : 

Dependence of the Temperature In the Upper Atmosphere and 

the Exosphere on the Decimeter Stream of Solar Radiation 


a - diurnal maximum; b - nocturnal minimum. Solid curves -
present article; dot dash lines, according to Harris and 
Priester (Ref. 1); dashed lines, according to Jacchia (Ref. 3). 
Notation for the points is the same as in Figure 3.  

Figure 5 shows the change in the thennopause altitude h, as a func- /36
tion of F10 . It can be seen from Figure 5 that, contrary to prevelant.opin
ions, the thermopause altitude changes greatly with the solar cycle, from 
approximately h, M 300 km for small F10 up to hc TOO km in the case of large 
F l o  * 

The altitudinal distribution of' molecular weight, determined according 

..... . - - . ..to formula (6),- is .shown in Figure 6. Significant variations in 

The altitude of the thermopause is sometimes used to designate the alti

tude of the isotherm commencement in the thermosphere. 
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M at the given altitude with the solar cycle and the time of the day are 

apparent; these are similar to the variations based on the model in (Ref. 1).

We should note that the amplitude of the diurnal variations M decreases 

with an increase in F10. 


4.
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Figure 5 


Dependence of Thermopause Altitude (Base of the Exosphere) 

hc on Decimeter Stream of Solar Radio Emission 


a - for diurnal maximum; b - for nocturnal minimum. Heavy lines 
designate calculation in our work; dot dash lines designate calcu
lation in (Ref. 1). Notation of the points is the same as in Figure 3. 

4. What can cause the difference in the dependences which are found 
and the real dependences? The comparatively small number of experimental 
data should first be pointed out: in the work (Ref. ll), ten curves are 
drawn on the basis of 146 points, ?.e., about 15 points correspond on the 
average to each curve, and all of these data are obtained for half of one 
solar cycle (from the maximum in 1958 to the minimum in 1963-1964). An error 
is also caused by separate averaging of p and Hp , while we need the mean annu-

1 
a1 P H F  . In addition, it is known (Ref. 1) that 27-day variations, half-year 
variations, and variations related to the geomagnetic index are superimposed 

on the main variations considered here (11-day and diurnal variations). With 

a sufficiently large number of data, the secondary variations could be 

excluded with averaging, but since the number of points is small the error 

caused by this factor can enter into the dependences which are found. It 

should also not be forgotten that the magnitude of the stream of decimeter 

solar radio emission FlOismot a decisive parameter, but only an index. This 

index can be used to describe the manner in which the stream of untraviolet 

and X-ray solar radiation, which heats the upper atmosphere, changes as a 

result of complex solar processes. It can be seen from experiments in 

(Ref. 24, 25) that F1o is closely correlated with certain intense 
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l i n e s  i n  the  hard u l t r a v i o l e t  and roentgen, bu t  t h a t  t h i s  index can hardly /31
provide an accurate  descr ip t ion  of t he  ent i re  stream heat ing the  the rmosphe-

Figure 6 

A l t i t u d i n a l  Dis t r ibu t ion  of Atmospheric Molecular Weight 
Notation i s  the  same as i n  Figure 3.  

It should f i n a l l y  be noted t h a t  the  ca l cu la t iona l  scheme employed i s  
only approximate, due t o  the u t i l i z a t i o n  of a barometric formula - which, 
s t r i c l y  speaking, i s  appl icable  i n  the  presence of l o c a l  thermodynamic equl l 
ibr ium.  Deviations from equilibrium can 'be caused by chemical reac t ions  i n  
the thermosphere. However, as w a s  shown by A. I. Ivanovskiy (Ref. 26), under 
these conditions a barometric formula can 'be re ta ined  i n  the  usua l  form, i f  
an efBective temperature !&equalling 

kT % n 2 i s  the number of co l l i s ions  betweeni s  used i n  it, where N = 8/Fo(-) 
molecules; Q - the  difgerence be%een the  absorbed and emitted r ad ia t ion  per  
u n i t  volume; k - Boltzmann constant;  B - cross  sec t ion  of t he  col
l i s i o n s ;  m - m a s s  of the molecule. Thus, i n  ce r t a in  cases the  temperature 
determined by the  scheme which we have employed w i l l  be the  e f f ec t ive  tempera
t u r e  T*. Estimates have shown t h a t ,  f o r  the  d i s t r ibu t ions  of the  s t r u c t u r a l  
parameters determined here,  t he  d i f fe rence  between the  e f f ec t ive  and the  
k i n e t i c  temperatures up t o  the  'boundary of the  exosphere i s  s m a l l ,  and become6 
s ign i f i can t  only f o r  la rge  values of Flo. For these estimates,  Q w a s  based on 
da ta  given i n  the  work (Ref. 27). 

I n  the  exosphere, the  barometric formula can a l s o  be re ta ined  with a 
cor rec t ion  f o r  the absence of molecules, among those returning t o  the  ear th ,  
having v e l o c i t i e s  la rger  than the c r i t i c a l  v e l o c i t i e s  and dispers ing from the  
atmosphere (see,  f o r  example, [Ref. 281). Thus, t he  temperature i n  the  exo
sphere equals the  temperature a t  the  c r i t i c a l  l eve l .  This cor rec t ion  i s  
s ign i f i can t  only f o r  concentrations of hydrogen and helium molecules, which 
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i n  t he  a l t i t u d i n a l  range under considerat ion up to 700 km - provides a cor- 
r ec t ion  of not  more than 5-7% i n  the  t o t a l  atmospheric densi ty ,  and about 9% 
a t  an a l t i t u d e  of 1,000 km. 

I n  addi t ion,  thermal d i f fus ion  ( R e f .  2 3 )  - which w a s  no t  taken i n t o  
consideration i n  the  scheme which w e  employed - in f luences  the  d i s t r i b u t i o n  
of hydrogen and helium i n  the  thermosphere. However, s ince  the  proportion 
of l i g h t  components i n  t h i s  a l t i t u d i n a l  range i s  small and s ince  isothermy 
occurs i n  the  upper por t ion  of t h e  thermosphere, t h i s  s implif icat ion2oes not  
introduce s ign i f i can t  e r r o r s  i n t o  the  determination of dens i ty  and tempera
ture - a t . l ea s t  up t o  a l t i t u d e s  of about 500 km. 

The following refinement of our scheme i s  possible:  by determining the  
temperature d i s t r i b u t i o n  as was ind ica ted  above, one can then f i n d  the  d i s t r i 
'bution of hydrogen and helium concentrations,  taking i n t o  account thermo

where a i s  the  thermodiffusion constant .  Thus, t h e  corresponding correct ion 
can be introduced i n t o  t h e  concentration of a l l  components i n  t h e  exosphere -
for example, t h e  cor rec t ion  employed i n  t h e  t a b l e s  of work (Ref. 28). It may 
thus be assumed t h a t  t he  ca l cu la t iona l  scheme employed i n  the  a l t i t u d i n a l  
range under considerat ion makes it possible  to obtain t h e  s t r u c t u r a l  para
meters of t he  upper atmosphere within sa t i s f ac to ry  accuracy. 

5. Certain conclusions may be drawn from t h e  resvl ts  presented above 
regarding the  fu tu re  development of research necessary for Tmproving the  
s t r u c t u r a l  model of t h e  upper atmosphere. 

We have seen t h a t  the  ove r -a l l  p a t t e r n  of t h e  dependences found i s  approx
imately the s a m e  f o r  ca lcu la t ions  based on d i f f e r e n t  schemes, which substan
tiates to a c e r t a i n  extent  t h e  v a l i d i t y  of t he  premises expressed i n  them. A t  
the  same time, t he  d i f fe rences  between the  models po in t  to t he  necess i ty  of 
def ining the  dependence of the  s t r u c t u r a l  parameter va r i a t ions  on d e f i n i t e  
f a c t o r s  more p rec i se ly  i n  the  f u t u r e .  

At t h e  present  time, it i s  p a r t i c u l a r l y  important to compile d a t a  
on the l a t i t u d i n a l  dependences of t he  s t r u c t u r a l  parameters, on the  s t ruc tu re  
of the  atmosphere i n  the  a l t i t u d i n a l  range of 100-200 km, and on the  concen
t r a t i o n s  of helium and hydrogen. 

If w e  have da ta  on the  densi ty  of the  atmosphere a t  d i f f e r e n t  a l t i t u d e s  
and on the  composition a t  an a l t i t u d e  of about 200 km, w e  can then ca lcu la te  
a l l  the s t r u c t u r a l  parameters of the  atmosphere f o r  a l t i t u d e s  close t o  200 km. 
The compilation of da t a  makes i t  possible  t o  apply the  ca l cu la t iona l  scheme 
which w e  have employed to not  just the  mean annual d a t a  - as was done above-
but a l s o  to da ta  which are more l o c a l  i n  t i m e  and space. This would make it  
possible  to study t h e  desired dependences i n  g rea t e r  d e t a i l .  Simultaneous 
measurements of dens i ty  a t  d i f f e r e n t  a l t i t u d e s  above one and the  same poin t  
on t h e E a r t h ' s  surface,  together  with measurements of the  composition close t o  
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200 k;n and measurements on 
of hydromagnetic waves and 
upper atmosphere, would be 
problems. 

I n  order t o  study the  
d e f i n i t e  fac tor$ ,  it would 

shor t-wave and corpuscular rad ia t ion ,  absorption 
other  f ac to r s  inf luencing the  s t ruc tu re  of the  
of t he  g rea t e s t  value i n  solving these  

a c t u a l  dependence of s t r u c t u r a l  parameters on 
be of value to c l a r i f y  the extent  t o  which 

the  parameter Flo r e f l e c t s  the  change i n  the  e n t i r e  stream which hea ts  and 
ion izes  the upper atmosphere. If necessary, it would also be valuable t o  
determlne a more appropriate  parameter. 

l%e r e s u l t s  of the present  a r t i c l e  are limited,  due t o  the u t i l i z a t i o n  
of da ta  on only s a t e l l i t e  braking, s ince the problem w a s  posed of comparing 
them with models (Ref. 1, 3) obtained on the  basis of the  same da ta  by d i f 
f e r e n t  computational methods. A more comprehensive p i c tu re  will be obtained 
by the  u t i l i z a t i o n  of da ta  from other  methods - based on r e s u l t s  derived from 
measurements of equipment located on mS and rockets,  as we l l  as from i n d i r 
e c t  methods, f o r  exa,mple, meteoric methods. This presents  t he  pro'blem of 
matching da ta  from d i f f e r e n t  methods, which can be c l e a r l y  seen from experi
ments on "Explorer-17") where the  dens i t i e s  - which were measured simultan
eously on the  b a s i s  of braking and manometers - d i f f e red  by approximately a 
f a c t o r  of two (Ref. 29).  In  order t o  solve this problem, it i s  necessary t o  
improve these methods, and t o  employ s t r i c t e r  theor ies  f o r  ca lcu la t ing  atmos
pheric  densi ty  based on readings of equipment on AES (Ref. 3 0 ) .  

Due t o  the  f a c t  t h a t  s m a l l  var ia t ions  occur, excluding ma,in var ia t ions ,  
the  method of successive approximations i s  advantageous t o  employ i n  the  
t o t a l  computational scheme: a f t e r  the  dependence f o r  the  main va r i a t ions  i s  
found, i t  i s  excluded. Then the  dependence f o r  s m a l l  va r i a t ions  i s  ref ined,  
a f t e r  which the  poin ts  a r e  corrected f o r  s m a l l  va r i a t ions .  The main varia
t ions  a r e  egain refined, e t c .  W e  would l i k e  t o  point  out one problem 
per ta in ing  t o  t h e  consideration of s m a l l  var ia t ions :  c e r t a i n  of these  varia,
t i o n s  - f o r  example, 27-day va r i a t ions  and var ia t ions  with the geomagnetic 
index - are  not independent; a cor re la t ion  can be observed between F,, and 
the geomagnetic index %. Consequently, they e n t a i l  t h e  problem of s t r i c t  
simultaneous ca lcu la t ion  of difYerent dependent va r i a t ions  . 

The works mentioned above give several  empir ical  dependences, which 
must 'be constantly compared with t h e o r e t i c a l  ca lcu la t ions .  I n  the las t  
analysis ,  t h i s  must make it possible  t o  formulate a s u f f i c i e n t l y  complete 
and representa t ive  phys ica l  model of the  upper atmosphere s t ruc tu re .  This 
s t ruc ture  i s  based on the  formulation and more accurate  solut ion of a 
system of thermohydrodynamic equations, which takes  i n t o  account a l l  the  s ig
n i f i c a n t  sources and lo s ses  of heat  and a l l  reac t ions  tak ing  place i n  the  
atmosphere. Experiments on the  determination and more prec ise  d e f i n i t i o n  of 
the t ransverse cross sec t ions  of these reac t ions  a r e  a necessary s tage  i n  the 
so lu t ion  of t h i s  problem. Such a comprehensive model must na tu ra l ly  provide 
the d i s t r i b u t i o n  of no t  only neu t r a l  components, but a l s o  charged components, 
for which the  i n t e r a c t i o n  of the charged components and the  difference of the  
e l ec t ron  temperature from the  k i n e t i c  temperature must be defined more pre
c i se ly .  

47 




m C E S  

1. COSPAR In te rna t .  Reference on Atmosphere { C I R A - ~ ~ ) ,  1965. 

2. Harris, I. and F'riester, W. J. Atmos. Sci.,  19, No. 4, 286, 1962. 

3- Jacchia,  L. Smithson. Astrophys. Observ., Spec. Rept, Eb. 1-50, 170, 1564. 

4. 	 Nicolet ,  M. Smithson, Astrophys. Observ., Spec. Rept., l!b. 75: 1961. 

5 - May, B. R. Planet.  Space Sci., 12, lb. 12, 11-79,1964. 

6. 	 Zhantuarov, R. S. Trudy Tsentral 'noy Aerologicheskiy Laboratorii ,  1965 
( i n  p re s s ) .  

7. Izakov, M. N. Space Res . ,  5, 1191, 1965. 

8. Izakov, M. N. Kosmicheskiye Issledovaniya, 3, No.  2, 297, 1965. 

9 - Kallmann-Bijl, H. K. and Sibley, W. L. Planet Space Sci.,  11, No. 12, 
1379, 1963. 

10. mng-Hele, D. G. and Rees, J. M. J. Atmos. and Ter r .  Phys., 25, No. 9, 
495, 1963. 

11. King-Hele, D. G. and Quinn, E. J. Atmos. and Terr.  Phys., 27, NO. 1, 13-(, 
1965

12. Marov, M. Ya.  Kosmicheskiye Issledovaniya, 2, No. 6, 909, 1964. 

13 Pokhunkov, A. A. I n  "Iskusstvennyye Sputniki Zemlf !I zda te l '  stvo 
AN SSSR, p. 89, N o .  7, 1961 

14. 	 Pokhunkov, A. A. In  "Iskusstvennyye Sputniki Z e m l i .  I z d a t e l '  s tvo 
AN SSSR, p. 110, No. 12, 1962. 

1-5- Pokhunkov, A. A. Kosmicheskiye Issledovaniya, 1, No. 1, 147, 1963. 

16. 	 Nier, A. 0. e t .  a l .  J. Geophys. Res., 69, N o .  5, ::'(9, 1964. 

Hedin, A. E. e t  a l .  J. Geophys. R e s . ,  69, No .  21, 4637, 196b. 

18. Hinteregger, H. E. J. Atmos. Sci., 19, No. 5, 351, 1962. 

19- Hall, L. A. e t  a l .  J. Geophys. Res., 68, NO. 2 '1 ,  6413, 1563. 

20. H a l l ,  I;. A. e t  al. J. Geophys. Res., 70, No. 1: 105, 1\65 .  

17 

21. Solar Geophysical &ha, US NBS, 1960-1963. 

48 




22. Mikhnevich, V. V- Present co l lec t ion ,  p. 23. 

23. Kockarts, G. and Nicolet, M. Ann. Geophys., 19, 370, 1963. 

24. Neupert, W. M. e t  al .  Space Res., 4, 719, 1964. 

25. Bourdeau, R. E. e t  a l .  J. Geophys. Res., 69, No. 21, 4531, 1964. 

26. 	 Ivanovskiy, A. I Trudy Tsentral 'noy Aerologicheskiy Observatorii,  
No. 40, 1, 1962; No. 46, 9, 1963. 

27. Hinteregger, H. E. and H a l l ,  L. A. Space Res . ,  5, 1175, 1965. 

28. Chaniberlain, J. W. Planet.  Space Sei.,  11,No. 8, 901, 1963. 

29. Newton, G. e t  a l .  J. Geophys. Res., 69, No. 21, 4690, 1964. 

30. Ivanovsky, A. I. and Repnev, A. I. Space Res . ,  5, 1101, 1965. 

DIURNAL VARIATTONS IN DENSITY, 6RESSUl33 AND TEMFERATURE 
r N  THE ATNOSPHERE 

(Summary) 

R. S. Zhantuarov 


It i s  now known t h a t  t h e  atmospheric parameters above 100 km undergo 
s ign i f i can t  d iu rna l  f luc tua t ions .  A t  an a l t i t u d e  of 600-700 km, the  pres
sure  changes by a f a c t o r  of 8-10 between the  nighttime and t h e  daytime; the  
density changes by a f a c t o r  of 6-8, and the  temperature changes up t o  6 0 0 ~ ~ .  
Thus, t he  densi ty  maximum must be independent of t he  solar a c t i v i t y  l e v e l  a t  
about 14 hours l o c a l  time. 

The theory of d iurna l  atmospheric f luc tua t ions  i s  unsat isfactory a t  the  
present  time. One of t he  f i r s t  theo re t i ca l  models was formulated i n  1962 by 
Harris and P r i e s t e r .  They s t a r t e d  with the  assumption that the energy ba l 
ance cf t he  upper atmosphere i s  determined 'by the  absorbed so la r  rad ia t ion  
and by thermoconductivity. The horizontalmwements,  as w e l l  as t h e  f a c t  t h a t  
the nature of atmospheric f luc tua t ions  depends signLficantly on frequency, 
were not taken i n t o  consideration. Consideration of only absor'bed u l t r a 
v i o l e t  r ad ia t ion  led t o  f luc tua t ion  amplitudes which were too la rge  and t o  
an incor rec t  pos i t ion  of the  densi ty  maximum: the  maximum occurred a t  17 
hours l o c a l  time. This led Harris and F'riester t o  introduce an addi t iona l  
source (which they f i r s t  ca l led  "corpuscular"), i n  order t o  make the  r e s u l t s  
o'btained concur with the observed r e s u l t s .  I n  their  last  study i n  1964, they
re jec ted  the  i n i t i a l  i n t e rp re t a t ion  of the  addi t iona l  source as a "corpuscu
lar" source, and advanced another i n t e rp re t a t ion ,  which we have not  y e t  /40
substant ia ted.  This i n t e rp re t a t ion  assumed t h a t  an addi t iona l  amount of heat  
can be supplied by hor izonta l  convection. 
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This assumption introduces another method of so lu t ion  based on the  
theory of t i des .  The theory of t i d e s  i n  t h e  atmosphere f o r  a ro t a t ing  
Ear th  - assuming t h a t  t he  f luc tua t ions  are small and, consequently, purely 
per iodic  - makes it possible  t o  divide the  variables i n  terms of l a t i t u d e  
and a l t i t u d e  ( the  dependence on time and longitude i s  expressed i n  t h e  form 
expi-iOt-ish , where 5 i s  the  f luc tua t ion  frequency; h-longitude; s - wave 
num'ber). The dependence on l a t i t u d e  w i l l  be determined 'by the  t i d a l  equa
t ion  of Laplace, the  so lu t ion  of which provides a d i s c r e t e  series of eigen 
values and the  eigen funct ions corresponding t o  them. The eigen values 
w i l l  thus be d i f f e r e n t  f o r  d i f f e r e n t  frequencies.  A t  f i r s t  glance i t  
appears t h a t  the  t i d a l  theory i s  inappl icable  f o r  an ana lys i s  of d iu rna l  
f l uc tua t ions  i n  v i e w  of i t s  purely l i nea r  nature. However, measurements 
have shown t h a t  up t o  an a l tu tude  of 250 km the  f luc tua t ions  are r a the r  
s m a l l .  I n  addi t ion,  according t o  measurements of h v e n  and a l s o  according 
t o  our preliminary calculat ions,  it can be seen t h a t  t h e  following l a w  i s  
i n  operation i n  the  i n t e r v a l  from 100 lun and a'bove. Up t o  apgroxima,tely
160 km, the  mechanism of thermoconductivity (molecular, and i f  the  da ta  of 
k t a u  are t rus ted ,  t u rbu len t )  does not play a s ign i f i can t  r o l e  i n  heat  
t ransfer .  Above 250 km, this mechanism i s  fundamental. Consequently, if 
the equation of hea t  t r a n s f e r  i s  employed i n  a l i nea r i zed  form, then a t  a l t i 
tudes where the a p p l i c a b i l i t y  of the  equation i s  doubtful this w i l l  -be unim
por tan t ,  due t o  the  f a c t  t h a t  the-fundamental process i s  thermoconductivity. 

I n  addi t ion,  t he  funct ion of the  source has the  form o f  a pos i t ive  
sec t ion  of a cosine, with a maximum a t  E?hours l o c a l  time. Ekpanding it 
i n  Fourier s e r i e s ,  we obtain harmonics with periods of 24, 12, 8, and 4 hours 
having amplitudes which decrease i n  the r a t i o  1/2J 1/15.. .- i .e., generally 
speaking,fluctuations must be exci ted i n  the atmosphere with periods of 24, 
12, 8, and 4 hours. 

- 6dJ 

I 
5,37 


1 

Figure 1 

Dependence of Pressure and Temperature Variation on Al t i tude  

Sol id  curves: p - pressure var ia t ion,  po - mean model pressure;  dashed curves: 
T - temperature var ia t ion ,  To - mean model temperature; 1 and 4 - ca lcu la t ion  
employing theory of t i des ;  3 and 6 - ca lcu la t ion  with h = a. 
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Figure 2 

Pa t t e rn  of Pressure Variation Phase With Al t i tude  

pe and pi - a c t u a l  and imaginary p a r t s  of pressure 
var ia t ion ;  solid l i n e  - author '  s ca lcu la t ion ;  
dashed l i n e  - ca lcu la t ion  with h = m. 

A s  was already ind ica ted ,  the  na,ture of t h e  f luc tua t ions  depends s i g n i f i - /41. 
cant ly  on frequency. 

Preliminary ca lcu la t ions ,  performed on t h e  basis of the  t i d a l  theory, 
have shown tha,t the  f luc tua t ion  amplitude with a period of 24 hours changes 
with a l t i t u d e  according t o  an increasing exponential-the one With a period of 
22 hours changes pe r iod ica l ly .  If the  f a c t  i s  taken i n t o  consideration t h a t  
the harmonic amplitude decreases with an increase  i n  frequency, as w e l l  as 
the f a c t  t ha t  t he  mean amplitude increases  a t  least  l i n e a r l y  when there  i s  
a per iodic  change i n  the  f luc tua t ion  amplitude, the  conclusion can then be 
drawn t h a t  f l uc tua t ions  with periods of 12, 8, and 4 hours w i l l  have an 
i n s i g n i f i c a n t  inf luence on the fundamental 24-hour harmonics - i - e . ,  unusual 
resonance occurs i n  the  d iu rna l  harmonics of the heat ing funct ion (Figure 1). 
Tnus, the  f luc tua t ion  phase of t he  main harmonics behaves i n  the  following 
way: The m a x i m u m  i s  sh i f t ed  from 18 hours a t  100 !an t o  14 hours a t  600 km, 
and slowly approaches 12 hours (Figure 2 ) .  

I n  order t o  v e r i f y  the  assumption t h a t  the  r e s u l t s  obtained 'by Harris 
and f i i e s t e r  s t e m  from ignoring the f luc tua t iona l  c h a r a c t e r i s t i c s  of 
t h e  atmosphere, a ca l cu la t ion  w a s  performed with t h e  eigen value of t h e  
Iaplace t i d a l  equation (h  = a) which was used by Harris and Priester, with 
the hea t ing  funct ion i n  t h e  form of the f i rs t  harmonics. A s  a r e s u l t ,  as 
w a s  expected, an amplitude which was l a r g e r  than necessary w a s  obtained, but 
a cor rec t  phase: a maximum a t  14 hours a t  an a l t i t u d e  of 400 km. The 
assumption then arises (which has not been v e r i f i e d  ye t ,  unfor tunately)  t h a t  
the  o v e r a l l  so lu t ion  f o r ' b o t h  harmonics of t he  hea t ing  f'unction with one and 
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the same eigen value (which is not clearly formulated in the model of 

Harris and Priester) will coincide with their solution even without taking 

nonlinearity into account. 


The theory must be defined more precisely, but even preliminary results 

show the complex dependence of amplitude and phase on altitude in the 100

200 km range. This points to the fact that the dynamic characteristics of 

this atmospheric region significantly influence the processes occurring in 

the layers located above, creating "boundary conditions" for them -i.e., 

the energy balance of the upper atmosphere is determined not only by 

absorbed solar radiation and thermoconductivity, but also by the fluctuational 

properties of the atmosphere. 
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DYNAMIC NATURE O F  ATMOSPHERIC 
DENSITY AT AIEITUDES OF 200-300 lanl 

M. Ya.  Marov 

Data which have been recent ly  processed on t h e  o r b i t a l  evolution 
of severa l  Soviet a r t i f i c i a l  Earth s a t e l l i t e s  have provided d e f i n i t e  
experimental corroboration of t h e o r e t i c a l  assumptions ( R e f .  1, 2) regarding 
t h e  dynamic r z tu re  of densi ty  at  a l t i t u d e s  of approximately 200-300 km. 
This has made it possible  t o  derivemore or l e s s  d e f i n i t e  estimates of t h e  
atmospheric va r i a t ion  close t o  t h e  thermosphere base f o r  half  of t he  solar 
cycle. 

The r e s u l t s  t o  be discusse: were obtained by analyzing t h e  braking
11of 14 s a t e l l i t e s  in t h e  Kosmos se r i e s ,  t he  f i rs t  Soviet spacecraft-

s a t e l l i t e  ( e 2  1960), i t s  cabin ( e  19609, and a l s o  t h e  t h i r d  Soviet AFS, 
f o r  pwposes  of comparison. Several  da ta  have been published previously 
(Ref. 3-5) regarding the  akmospheric density;  these da ta  resu l ted  from ,&
processing information from individual  s a t e l l i t e s  out of t he  group indi
cated above by a s i m i l a r  method. 

The current values of osculat ing e l l i p s e  elements of t h e  AES motion 
were used as reference data. These values made it possible  t o  determine 
ina iv idua l  d i s c r e t e  values of t he  parameter 

p 1 0 7  = I< ( t )P, (1) 

where p i s  densi ty;  H - a l t i t u d e  of a homogeneous atmosphere f o r  density;  
P - secular  acce lera t ion  r e f l e c t i n g  var ia t ions  i n  t h e  s a t e l l i t e  braking 
t o  t h e  grea,test  extent ;  K ( t )  - coef f ic ien t ,  as a function of  t he  osculat ing 
elements and b a l l i s t i c  parameters of t h e  c r a f t ,  which i s  quasi-constant on 
adjacent AES revolutions.  The form of t h e  coef f ic ien t  K ( t ) ,  which i n  
essence represents  t h e  normalizing f a c t o r  f o r  conversion from secular  accel
e ra t ion  t o  v a h e s  of &, i s  pr imari ly  determined by the  magnitude of t h e  
e c e n t r i c i t y ,  and i t s  complexity i s  determined by the  degree of approxima
t i o n  when t h e  in t eg ra l s  a r e  replaced by f i n i t e  re la t ionships .  I n  t h e  
graphoanalytical  method used t o  determine p,& (Ref. 4), t h e  e r r o r  a r i s i n g  
from coniputing K ( t )  - i n  accordance with ce r t a in  dependences (Ref. 6, 7)
f o r  a chosen value of t h e  aerodynamic res i s tance  coef f ic ien t  CD := 2.1 
(Ref. 8) l i e s  within t h e  accuracy of t h e  r e s u l t s  given below. 

The correctness  of employing t h e  values of php,calculated f o r  rela . 
t i v e l y  s m a l l  i n t e rva l s ,  i s  determined pr imari ly  by the  qua l i t y  of t he  
reference data,  and a l s o  by t h e  dynamic scheme f o r  t h e  spat ia , l  o r ien ta t ion  

- -~ . -

The main body of t h e  report  w a s  presented a t  the  s i x t h  COSPAR symposium, 
~ a y ,1965, Argentina. 
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Figure 1 

Example of I n i t i a l  Graph-Based on t h e  1960 e3 S a t e l l i t e ,  
Used t o  Obtain Traces p& by Photometric Measurement. 

of non-oriented sa te l l i t es  with respect  t o  t h e  center  of mass. The 
problem of determining t h e  mean dens i ty  values, as w e l l  as d i f f e ren t  
long-period va r i a t ion2  i s  thus r e l a t e d  t o  averaging t h e  ind iv idua l  
d i s c r e t e  values of p*JH with t h e  corresponding values  of g r id .  For 
t h i s  purpose, t h e  method e n t a i l i n g  photometric measurement of uniformally 
i l luminated e f f e c t i v e  a reas  defined by t h e  curves P and K ( t )  was employed. 
F i g u r e 1  shows an example of t h e  i n i t i a l  graph of e3 1960 s a t e l l i t e ,  and 
Figure 2 shows an example of t r ac ings  obtained by the  e2 1960 and e3 1960 
s a t e l l i t e s .  The d a i l y  va r i a t ions  a r e  excluded f o r  t h e  g r i d  T 2 i n  
Figure 2, where T i s  one d a i l y  cycle (more accurately,  Y-cycle; Y' - t h e  geo
cen t r i c  angle between t h e  d i r ec t ions  t o  t h e  Sun and t h e  s a t e l l i t e  per igee) .  
This made it poss ib le  t o  compare t h e  changes i n  -with t h e  curve ofPA 

decimeter s o l a r  r ad io  emission as an index of s o l a r  a c t i v i t y  (based on 
d a t a  from t h e  observatory i n  O t t a w a  ;Ref .  91). The co r re l a t ion  coef f ic ien t  
throughout a l l  of t h e  curves i s  q = 0.86 k 0.05, and it corroborates t h e  

' good agreement between changes i n  dens i ty  a t  these  a l t i t u d e s  and va r i a t ions  
i n  solar rad io  emission during a period of intermediate and minimum s o l a r  
a c t i v i t y  . 

Fluctuat ions i n  t h e  parameter pz/fi from day t o  night  a.t a l t i t u d e s  of 
270-280 km a r e  c l e a r l y  apparent i n  t h e  t r a c i n g  obtained i n  a similar way 
on the  e3 1960 s a t e l l i t e ,  but with t h e  g r i d  T - 0.2 T. The examples of 
approximating curves i n  Figure 3, which were compiled as a func t ion  of 
l o c a l  time of t h e  perigee,  based on d a t a  from t h e  t r ac ings  f o r  t h e  s a t e l 
l i t e s  " K o s ~ o s - ~ " ,  t'K~smos-5't, t'K~smos-3tt,and t'Kosmos-llt', po in t  t o  d a i l y  
va r i a t ions  a,lso close t o  200-230 km. The incl ina, t ion of t h e  tangents  t o  
the  given curves, i n  a d i r ec t ion  going from t h e  morning hours through mid
night  i n t o  t h e  day - which corresponds t o  precession of t h e  o r b i t a l  per igee 
- i s  caused by a decrease i n  t h e  sa te l l i t e  periEee a l t i t u d e s .  

The d a t a  used from 16 Soviet  AES, which were processed by an i d e n t i c a l  
method, made it poss ib le  t o  t r a c e  t h e  dens i ty  changes i n  t h e  180-300 km 
a l t i t u d i n a l  range f o r  almost half  of t h e  s o l a r  a c t i v i t y  cycle.  More /44
than  1-50experimental values  of t h e  parameter p,&' were ca lcu la ted  f o r  t h e  
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Traces According t o  t h e  e2 SatellLi-.t-:of 1960 (a , )  a,nd 
t h e  33 S a t e l l i t e  of 1960 (b) ,  Compx-ed With the  Curve &.7 

f l u  of decimeter s o l a r  rad io  emission Eo.7 = 85*10-"'w.m-" -cps-'; thesc: 
experimental values corresponded t o  the  mean da i ly ,  m a x i m u m  d iurna l ,  a,nd 
minimum nocturnal  condi t ions (Figure 4). In  order  t o  obtain da ta  per
t a i n i n g  t o  ear l ier  per iods of t i m e ,  i n  accordance with o ther  s i m i l a r  
r e s u l t s ,  they  were corrected up t o  t h e  smoothed out values of t he  flux-
F10.7 = 85 - 10-"'w*m-" .cps- l  by employing "ilc se:niempirical r e l a t ionsh ip  

This method i : :  -:pproximatcly s imi la r  t o  t h a t  described i n  (Ref. 10). The 
mean va,lues of t h e  exponent m ( i n  view of i t s  dependence on l o c a l  time 
[ R e f .  111) were ca l ru l a t cd  for several a . l t i tudes,  assixnine the  proportion
a l i t y  coef f tc ien t  w a s  constant i n  t h e  f i r s t  approximation ( a  -- const) ,  
u t i l i z i n g  experimental d a t a  on t h e  bra.king of Soviet AES from 1957 t o  1963f o r  v a h e s  of Flo.7 from 260-10-"" t o  85-10-""w-m-"-cps -1, respec t ive ly .  

Data were : Is0 employed from t h e  C I R A  ta.bles of 1961 (Ref. E)per ta in ing  
t o  a value of Tlo.7N 200-10-2"w~m-"-cps-1 (Figure 5 ) .  

Figure 6 shows t h e  curves compiled according to-the calculated poin ts .  
Along with the  meam d i s t r i b u t i o n  of t h e  parameter p,&, these  curves give 
t h e  range of maximum va r i a t ions  i n  one day. The mean qua.??-tic e r r o r  /45
en ta i l ed  i n  determining t h e  t r u e  a l t i t u d i n a l  values, with allowance f o r  
dispers ion of t h e  experimental va.lues, does not exceed 5 km, and i s  l e s s  
than 18% of the  a.bsolute value f o r  t h e  parameter $2/H. 

It cam be seen from t h e  curves i n  Figure 6 t h a t  during years  of 
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*Note: I l l e g i b l e  i n  o r ig ina l  foreign text. 

Figure 3 

Daily Variations According t o  the  Braking 
of t he  "Kosmos" S a t e l l i t e s  

minimum so la r  a c t i v i t y  the  daixy va r i a t ions  i n  t h e  parameter p a ,  which 
comprise approximately 60-70% at 200 km, amount t o  more than 200% close 
t o  300 km. This does not occur at these a l t i t u d e s  during a period of 
maximum so la r  a c t i v i t y .  This has been recent ly  corroborated by r e s u l t s  
obtained by fore ign  researchers,  p a r t i c u l a r l y  LTacchia and Slowey (Ref. 1.3P 
and King-Hele and Quinn (Ref. 14). An ana lys is  of these  da ta  leads t o  the  
conclusion t h a t  t h e  most probable change i n  t h e  l e v e l  of regions warming 
up i s  due t o  t h e  general  cooling nature of t h e  atmosphere during the  pre
sent period, and due t o  a change i n  t h e  a l t i t u d i n a l  d i s t r i b u t i o n  of t h e  
main components. This process, which i s  accompanied by a r e d i s t r i b u t i o n  
i n  terms of a l t i t u d e  of such basic  parameters as t h e  densi ty  p and t h e  
a l t i t u d e  of a homogeneous atmosphere f o r  t h e  dens i ty  H, i s  thus responsible 
f o r  f luc tua t ions  i n  these parameters with a s ign i f i can t  amplitude at low 
a l t i t udes ,  a s  compared with a period of m a x i m u m  so l a r  a c t i v i t y .  

Based on t h e  curves shown i n  Figure 6 and tak ing  the  f a c t  i n t o  
aceount t h a t  
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Experimental Values of P 6 ,  Obtained by the Braking of 
16 Soviet AES for the Mean Daily, Maximum Daily, and 

Minimum Nocturnal Conditions. 

3
1 - "Kosmos-1"; 2 - ''Ko~mos-2~~;- "Kosmos-3"; 4 - "Kosmos-5"; 
5 - "Kosmos-6";6 - "Kosmos-8";7 - "Kosmos-11"; 8 - 'IKosm0s-17~~; 
9 - ltKosmos-19";10 - "Kosm0s-25~~;11 - "Kosmos-26"; 12 - TrK~smos-31";
13 - "Kosmos-38"; 14 - "Kosmos-39"; 15 - e2 1960 (first Soviet space
craft-satellite); 16 - e3 1960 (cabin of the first Soviet spacecraft-
satellite). The light symbols correspond to diurnal maximum values; 
dark symbols correspond to nocturnal minimum values; the symbols 

with crosshatched lines designate mean daily values. 


we can determine with acceptable accuracy the altitude of the homogeneous 

atmosphere and can thus compute the density distribution between 180-300km. 


As a result of these computations, Figure 7 shows the curve for the 
mean atmospheric density at these altitudes. A comparison of these curves 
with certain estimates obtained during a period of maximum solar activity, 
and particularly with the value of p determined according to the method 
advanced from data on the braking of the third Soviet satellite, makes it 
possible to trace the variations for half of the solar cycle. The mean 
density decrease, as compared with 1958, is about 2 times at 200 km, and 
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Figure 5 

Exponent m as a Function of Geometric 
Al t i tude  f o r  p . = e . 7  

1 - according t o  Soviet AES data;  2 -
u t i l i z i n g  t h e  CIRA t a b l e s  of 1961. 

not l e s s  than 3.5 t imes close t o  300 km. 

The gra,phic ind ica t ion  of t h e  very dynamic nature  of t h e  upper 
atmosphere dens i ty  above approximately 180-200 km leads t o  t h e  neces
s i t y  of systematical ly  obtaining t h e  corresponding experimental d a t a  
throughout t h e  e n t i r e  so1a.r cycle.  0-nt h e  bas i s  of experimental m a t 
e r i a l  on density, which has been compiled up t o  t h e  present ,  based on 
t h e  change i n  t h e  curve f o r  a stream of  s o l a r  decimeter r ad io  emission 
during preceding years  (Ref. 9) it can be assumed t h a t  t h e r e  i s  a 
gradual increase i n  atmospheric dens i ty  above approximately 200 km, 
beginning i n  1965. This increase w i l l  reach a maximum value which i s  
close t o  the  l e v e l  of 195'~-1958 i n  t h e  next period o f  m a x i m u m  s o l a r  
a c t i v i t y  (1968-1969). 

We t r i e d  t o  pred ic t  t h e  mean dens i ty  between 180 and 300 k m  i n  
ind iv idua l  per iods of t he  so l a r  cycle, based on the  experimentally 
determined d i s t r i b u t i o n  of t he  parameter p&i f o r-qOe7 85.10-22w.m-2-cps -1 (Figure 4) as w e l l  as t h e  expected change 
i n  t h e  f lux  F10.77 wi th  allowance f o r  t h e  co r re l a t ion  (which has been 
v e r i f i e d  f o r  t h e  given a l t i t u d i n a l  range) between dens i ty  and t h e  
decimeter s o l a r  r ad io  emission. Relationship (2) was thus  employed. 

Figure 8 gives t h e  values calculated on t h e  assumption t h a t  

58 




I . r . I I I I I 

160 ZZD 260 3m 
h.XI7 

Figure 6 

Curves of p& as a Function of Geometric Alt i tude 
Based on Data i n  Figure 4, With t h e  Daily Variation Range 

1 - mean d a i l y  values;  2 - maximum d iu rna l  values; 3 - mini
mum nocturnal  values.  

f o r  atmospheric dens i ty  as a funct ion of t h e  change i n  t h e  s o l a r  a c t i v i t y  
l e v e l  expected i n  t h e  forthcoming years.  This f igu re  a l s o  p l o t s  t h e  
curves corresponding t o  t h e  mean d a i l y  conditions,  according t o  t h e  model 
given by &,rris a,nd P r i e s t e r  (Ref. 15) f o r  t h e  model parameter of 
S .= 70 and 150, and a l s o  by the  C I R A  fo r  1961 ( R e f .  l2). Computations 
which employ forcas ted  values  which take i n t o  account t h e  most important 
f a c t o r s  i n  t h e  dynamic nature  of t h e  upper atmospheric dens i ty  provide 
cor rec t  r e s u l t s .  These r e s u l t s  are more cor rec t  than those obtained by  

/48 
employing c e r t a i n  s t a t i s t i c a l  models which r e f l e c t ,  more or less  cor rec t ly ,  
only a comparatively s m a l l  period of t h e  a c t u a l  change i n  s t r u c t u r a l  para
meters during the  11-yeas s o l a r  cycle.  

The authors would l i k e  t o  take  t h i s  opportunity t o  thank 
V. I. Krasovskiy for valuable comments and constant a t t e n t i o n  t o  t h i s  
work. 
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Figure 7 
Mean Atmospheric Density a t  Al t i tudes  of 180-300 km 
1 - C I R A  1961; 2 - US Standard 1962; 3 - Marov, 1964; 
11 - t h i r d  s a , t e l l i t e ,  1958; 5 - Jacchia ,  1963; (day, 
"Injun-3"); 6 - Jacchia, 1963 (night ,  "Injun-3"). 

I I I I I I .  

1,90 	 2211 2611 3011 
h,KM 

Figure 8 
Calculated, Forecasted Density Dis t r ibu t ions  f o r  

Values of F,, '(0,150 and 250 w-m-"cps-l 
1 - reference curve; 2 - forcos ted  va.1ues; 3 -
CIRA 1361; 4 - Harris and Pri-ester model (S -70  
and 150, 9 hours l o c a l  time). 
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COMPOSITION OF THE A'JMOSPHERE I N  THE 100-200 km REGION 

A. D. Danilov 

The n e u t r a l  composition of the atmosphere above 100 km represents  
one of the  main problems i n  the  physics of the upper atmosphere a t  t he  
present  -time. Up u n t i l  recent ly ,  our information on the  concentrations of 
t he  main atmospheric components above 100-120 km was l imited t o  t h e o r e t i c a l  
models, wMch inves t iga ted  the  d issoc ia t ion  of oxygen and the  grav i ta t ionaJ  
d iv is ion  of gases above 11-0-140 km. These models pointed t o  the rap id  
decrease i n  the  concentration of Nz and 02 molecules above t h i s  l eve l .  
Accordi,lg t o  the majori ty  CY t h e o r e t i c a l  d i s t r i b u t i o n s  of the main concen
t r a t i o n s ,  the  r a t i o  io]/& 1 i s  considerably g rea t e r  than uni ty  a t  a l t i t u d e s  
of 180-200km. And above 200 km it was assumed t h a t  t he  atmosphere i s  purely 
atomic. A t  the same time, t he  problem of the  concentra,tion d i s t r i b u t i o n  of 
atomic and molecular components i n  the upper atmosphere i s  very important, 
s ince the so lu t ion  of an e n t i r e  s e r i e s  of problems, r e l a t e d  t o  t he  support 
of the  ionosphere, t o  the formation of eigen atmospheric emissions, e t c . ,  
i s  based upon t h i s  problem. 

I n  terms of methodology, experimental s tud ie s  of t he  neu t r a l  atmospheric 
composition can be divided i n t o  two groups: o p t i c a l  and mass spectrometer. 
Optical  s tud ie s  were i n i t i a t e d  i n  1953 by Bleyram e t  a1 (Ref. 1). These 
experiments (R f .  2, 3) included the  study of so l a r  rad ia t ion  aibsorption i n  
the 1400-1500 1region, and it w a s  found t h a t  molecular oxygen i s  not  d i s t r i 
buted i n  the  upper atmosphere i n  the manner ind ica ted  by t h e o r e t i c a l  models 
of d i ssoc ia t ion .  It was found tha,t there  i s  a s i g n i f i c a n t  concentration of 
0, molecules up t o  a l t i t u d e s  of 150-160 km, while - according t o  ca,lculations oi 
Pendorf (Ref. 4) - the  t r a n s i t i o n a l  region between 0 and 0, i s  on the  order 
of t e n  km wide, and l i e s  a t  a l t i t u d e s  of about 100 km. 1/49 

In  order t o  solve the  ion iza t ion  problems of the lower ionosphere, it 
i s  extremely important t o  know the  concentra,ticns of n i t r i c  oxide. The 
experimental r e s u l t s  obtained 'by Ju r sa  e t  a1 (Ref'. 5 )  showed t h a t  the NO 
concentration does not  exceed 10' emm3 a t  a l t i t u d e s  of 60-90 km. 

The n e u t r a l  composition of the  atmosphere a h  a l t i t u d e s  of 100-180km 
w a s  foundin experiments studying the  spec-trum of u l t r a v i o l e t  so l a r  radia,t ion.  
These experiments were conducted i n  1960 and 1961 under the  supervision of 
Hinteregger (Ref. 6, 7) .  The r e s u l t s  of these expcriments l ed  the author 
( R e f .  7 )  t o  the  conclusion t h a t  there  i s  an equal izat ion of the concentrations 
of atomic oxygen and molecular nitrogen a t  an a l t ikude  of 120 km, and above 
approximately 140 km the  atmosphere can be regarded as purely a,tomic. 

The r e s u l t s  derived from mass spectrometer s tudies ,  car r ied  out  somewhat 
e a r l i e r ,  on the  composition a t  the  same a l t i t u d e s  l ed  A.A. Pokhunkov (Ref. 8,9)to a 
completely d i f f e r e n t  conclusion. According t o  the  work of A.  A. Pokhunkov, 
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t he  proportion of molecular nitrogen i n  the  over -a l l  atiliospher i c  densi ty  
rema,ins almost unchanged up t o  the  investiga,ted a l t i t u d e  of 210 km. 

Xore recent  s tud ies  w i t h  mass spectrometers, car r ied  out i n  the  Soviet 
Union (Ref. 10, 11)and abroad (Ref. 12-14), have shown t h a t  the  f i rs t  
r e s u l t s  of A. A. Pokhunkov ( R e f .  9 )  were cor rec t  with respect  t o  the high 
concentration of molecular n i t r o  en. However, they were incor rec t  with 
respect  t o  the high value of LO]  7[O, ] ,  which r e su l t ed  from making an inac
curate allowance f o r  recombination of 0 atoms on the  w a l l s  of 
apparatus. me r e s u l t s  derived from o p t i c a l  s tud ies ,  car r ied  out recently,  
on the  atmospheric compositLon (Ref. 15, 16) have a l s o  shown t h a t  t he  con
clusions of Hinteregger ( R e f .  7 )  were incor rec t  regarding the  small propor
t i o n  of N2 a t  a l t i t u d e s  of 150-160 km. These r e s u l t s  a l s o  showed t h a t  
molecular nitrogen i s  t h e  dominating atmospheric component a t  200 lon. 

A comparison of t he  r e s u l t s  derived by determining the  molecular 
ni t rogen concentration by d i f f e r e n t  methods, which i s  shown i n  Figure 1, 
ind ica t e s  t h a t  a mean curve may be drawn based on the  r e s u l t s  of the  majori
t y  of measurements. This curve w i l l  d i f f e r  from the  experimental po in ts  by 
not more than a f a c t o r  of 1.6.. The cuiver, obtained i n  the f i r s t  experiment 
of  A. A. Pokhunkov (Ref. 8)  and obtained i n  the f i r s t  work of Hinteregger 
( R e f .  7),a re  excluded f r o m  the general  group of s imi la r  curves. /50 
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Results Derived from Determining the  N2 Concentration 'by Different Methods 

1 - A u p s t ,  1959, iiiorn.ing ; 2 - September 23, 1960, 0 hours 
56 minutes; 3 - August 23, 1961, 10 hours 03 minutes; 4 -
Novembeu. 15, 1961, 16 hours; 5 - Ju ly  10, 1963, 10 hours;
6 - June 6, 1963, 7 hours 30 minutes; 7 - the  mean of da ta  
obtained on June 5, 5 hours 45 minutes and October 25, 16 
hours 30 minutes, 1962. 

A comparison of t he  curves shown i n  Figure 1with the  time a.t which the  
experiments were conducted does not revea l  any regular  changes i n  the  magni
tude of [N2] w i . t i i  bhe time of da,y o r  with the season. Apparently, the  con
cent ra t ion  of molecular nitrogen a t  a l t i t u d e s  of 100-200 km does not change 
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s ign i f i can t ly .  An inves t iga t ion  of similar curves f o r  the  d i s t r ibu t ion  of 
O2 concentration a l s o  ind ica t e s tha t  no s ign i f i can t  var ia t ions  i n  the  amount 
of molecular oxygen i s  observed. This makes it possible  t o  draw the  mean 
curve f o r  t he  change i n  [N21 as a funct ion of a l t i t u d e .  The O2 and N2 con
centrat ions,  obtained as the mean of a l l  t he  values obtained experimentally, 
f o r  a l t i t u d e s  of 100-200km are given below: . 

H, km 100 110 1 2 G  1-30 140 150 160 170 180 l9O 200 
[N2]'10-10 520 l20 35 11 6 2.6 1.4 0.87 0.58 0.4 0.26 
[02].10'9 1700 190 32 10 4.8 2.9 1,4 0.76 0.44 0.29 0.19 

A comparison of t h e  nature of the  change i n  the  [OI/[N, 1 r a t i o  i n  d i f 
f e r e n t  experiments shows t h a t  there  i s  a d iu rna l  varia. t ion i n  t h i s  r a t i o ,  
with an increase  i n  [O]/[Nz 1 up unti l  midday. Figure 2 shows the  change i n  
[O]/[Nz] a t  an a l t i t u d e  of 180 km as a funct ion of time, with respect  t o  the  
l o c a l  midday. The s imilar  change with respect  t o  the [O]/[N2i  concentration 
i s  apparently r e l a t e d  t o  the  absolute increase i n  [O]  a t  noon, becaxse - as 
w a s  shown above - rocket  da ta  do no t  i nd ica t e  s ign i f i can t  var ia t ions  i n  the 
magnitude of [Nz 3.  

Figure 2 

Dependence O f  [O]/[N2] On Time, With Respect To the  
Local Midday A t  An Alt i tude O f  180 km 

It i s  thus apparent a t  the  present time t h a t  molecular nitrogen i s  the  
main component of the  atmosphere, a t  l e a s t  up t o  an a l t i t u d e  of 200 h,which 
represents  the  m a x i m u m  a l t i t u d e  of rocket s tud ies  on the  neut ra l  composition 
i n  most cases.  The r e s u l t s  of one experiment 'by A. A. Pokhunkov (Ref. ll), 
as wel l  as recent  s tud ies  on the  s a t e l l i t e  f r  Ekplorer-17", show t h a t  the  N2 
concentration can dominate i n  t h e  atmosphere up t o  an a l t i t u d e  of 300-350 km. 
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PROBIXM OF THE TOTAL AMOUNT OF NEUTRAL 
HYDROGEN I N  THE: UPPER ATMOSPHERE O F  THE FAETH 

(Summary ) 

V. G. K u r t  

If t h e  t r a n s f e r  equation of La-radiation i s  solved f o r  a spher ica l  /51
case, with allowance f o r  shade, we obtain t h e  dependence of t h e  theore
t i c a l  albedo (+) of t h e  Ear th ' s  atmosphere on t h e  t o t a l  o p t i c a l  th ick
ness To (above 110 km) f o r  t h e  center  of t h e  l i n e .  The dependence of+ on 7 i s  formulated within 0 d T < 'r0 f o r  To - 1, 2, 3, 5, 10. The 
r e s u l t s  derived from t w o  observations a r e  employed f o r  t h e  s o l a r  depression 
angle - 30 a t  a l t i t u d e s  of 140 and TO0 f o r  600 km. The observa- . 

t i o n s  were reduced f o r  t h e  background of t h e  extraatmospheric comlpnent, 
equal l ing - 2*10-4erg-cm-2 -see-1 asterad-', and a l so  f o r  t he  temperature 
d i f fe rence  above and below the  l e v e l  under consideration. With allowance 
f o r  these  correct ions,  t he  albedo, which equals 0.42 f o r  140 km, increased 
t o  0.65, and increased from -0.65 t o  0.83 f o r  600 km. An a l t i t u d e  of 
140 km corresponds t o  T / T ~  0.75; 600 km - 0.52. U-cder t h e  assumption 
t h a t  t h e  temperature at t h e  exosphere l e v e l  i s  - 1000°K, it i s  found t h a t  
' r0 z 6-7 f o r  t h e  conditions formulated above. This corresponds t o  the  
t o t a l  hydrogen content above 110 km - 3.5*1013cm-2, and about 1-5 f o r  t h e  
second case. Thus, t h e  concentration i s  l O ' ~ m - ~a t  an a l t i t u d e  of 100 km, 
and 2.5-105at an a l t i t u d e  of 200 -km for a s o l a r  depression angle of about 
30' - within the  framwork of t he  thermosphere model postula�ed by Bates-
Patterson. 

UTILIZATION OF AXTIFICLAL W H S A T E W E  ORBITAL DATA 
TO DETERMINE THE WIND VELOCITY IN TKFl THERMOSPHERE 

B. N. Trubnikov 

It i s  a well-known f a c t  t h a t  severa l  of t h e  new s c i e n t i f i c  discov
e r i e s  which have been made by a r t i f i c i a l  Earth s a t e l l i t e s  have resu l ted  
from analyzing t h e i r  o r b i t a l  var ia t ions ,  and not from measurements 
performed by on-board equipment. The processing of o r b i t a l  AES data  has 
' c l a r i f i e d  t h e  functional. dependence of t h e  upper atmosphere parameters on 
solar  a c t i v i t y .  The purpose of t h i s  a r t i c l e  i s  t o  i l l u s t r a t e  t h e  possi
b i l i t y  of der iving information on movements i n  t h e  thermosphere from 
o r b i t a l  AES data,  on t h e  bas i s  of ex i s t ing  s tudies .  

Let us wr i te  t he  equations of t he  AES motion i n  t h e  oscula,ting 
elements : 
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-- 30 

do
d l  - k J F [ - i c c o s ~ +  
(
I+-3~ s i i i 6 - -er_ -

P Wctg  isinu1; 

dt_ - y r 2  , 
d u  -G' . .  

r 3-7 
1 = 1-__ 14' ctg i sin u,napp 

where a. - t h e  main s e m i a x i s  of t h e  o r b i t ;  e - eccen t r i c i ty ;  i - o r b i t a l  
inclinakion; R - longitude of t h e  ascending node; W - perigee argument; 
u - l a t i t u d i n a l  argument; m - AES m a s s ;  0 - t rue anomaly; p - AEs o r b i t a l  
parameter; 1-1 - product of constant g rav i t a t ion  by t h e  m a s s  of t h e  Earth; 
R, S, W - projec t ions  of t h e  d i s tu rb ing  acce lera t ion  on t h e  rad ius  vector ,  
on t h e  perpendicular t o  it i n  t h e  plane of t h e  r)sculating o r b i t ,  and on 
t h e  normal t o  t h e  oscula t ing  o r b i t ;  u -1-6; r = p / ( l  -I-e cos 0 ) ;  t h e  
main d i s tu rb ing  acce lera t ions  a r i s e  due t o  devia t ion  of t h e  Ea r th ' s  gravi
t a t i o n a l  f i e l d  from t h e  c e n t r a l  f i e l d  and due t o  atmospheric r e s i s t ance :  
S := S1 + S,, R = R1 + R,, W WI + W, where SI, R1, W, are the  pro jec t ions  
of d i s turb ing  acce le ra t ion  due t o  t h e  e c c e n t r i c i t y  of the Ear th ' s  g rav i ta 
t i on ;  S,, R,, W2 - projec t ions  of t he  d is turb ing  acce lera t ion  created by 
t h e  r e s i s t ance  of t h e  r o t a t i n g  atmosphere. 

If t h e  a x i a l  asymmetry i n  t h e  mass d i s t r i b u t i o n  i s  disregarded, t h e  
g r a v i t a t i o n a l  p o t e n t i a l  of t h e  Earth i s  given by t h e  formula 

where Pn i s  t h e  Legendre polynomial; 6 - t h e  co la t i tude ;  jn  - t h e  constants 
determined empir ical ly .  W e  then  have 

a@ cos6 = sinisin u. (9)R,= ar I s l = - & ,  a@ W ,  = -rzix, 

_ _  .. . . .. .. .. - .__. __ . . 



The so lu t ions  of (1) - (7), i n  t he  presence of t h e  per turbat ions ( 8 ) ,
(9)a r e  known, and can 'be wr i t ten ,  f o r  example, i n  t he  form (Ref. 1): 

+ 2 1 e3 cos 3v 3 + - . } ;1 e2 cos 2v + 12 
a 2Q = Q o - T  3 J2 ($) c.os i nt {I-. - - }  + AQlp+ AQS+ 

A s  can be seen from (10) - (1.31, i n  t h e  expressions f o r  t he  elements t h e  
nonsphericity of t h e  Earth produces short- ,  long-. (ep, sp) and secular  
terms which depend secular ly  on time (Ref. 2 ) .  The t e s s e r a l  harmonics 
of t h e  Ear th ' s  p o t e n t i a l  can produce long-period e f f ec t s ,  if the  mean 
s a t e l l i t e  motion i s  comparable with angular ve loc i ty  of t he  Ea r th ' s  ro t a t ion  
(Ref. 3). For AES o r b i t s  which a r e  c lose  t o  t h e  Earth, these  "resonance" 
e f f e c t s  of t h e  e c l i p t i c  equator can be disregarded. 

Let us  a,lso wr i te ,  f o r  example, according t o  (Ref. 4, 5) t he  compon
en t s  of t h e  aerodynamic fo rce  influencing t h e  AES: 

R2 = -ppcv/'u,, s2 = -pCV ( v n - u r  cos i), 
(14)kV2 = -pCVur sin i cos u, 

where V i s  the  ve loc i ty  of t h e  AES with respect  t o  t h e  atmosphere; C - '  

t h e  constant depending on the  a rea  of t h e  e f f ec t ive  cross  sect ion;  p -
t h e  a i r  dens i ty  which changes exponentially a s  a funct ion of t he  d is tance  
r from t h e  center  of t h e  Earth; a - angular r o t a t i o n a l  ve loc i ty  of t h e  
atmosphere with respec t  t o  t h e  Ear th ' s  axis; v, vn - components of t h e  
AES undisturbed ve loc i ty  with respect  t o  R and S. The AES ve loc i ty  with 
respect  t o  the-atmosphere i s  v" = vr 2 

f vn 
2 - 2vnm cos i -+- a2r2cos2 cp, 

where cp i s  t h e  geocentric l a t i t u d e  of t h e  s a t e l l i t e .  It can be seen from 
(14)  t h a t  i n  t h e  case of a motionless atmosphere w2 = 0 f o r  ::= 0 - i .e . ,  
t h e  force  which i s  normal t o  t h e  o r b i t a l  plane and which i s  caused by the  
atmosphere i s  produced only when it r o t a t e s .  Variations of only 2 para
meters of t he  oscula t ing  o r b i t  i and fl a r e  caused by the  norma.1 component 
W, of the  Ear th ' s  g rav i ty  and by atmospheric braking W2. 

According t o  (10) and (12), W, causes shor t - a d  long- period varia
tions i n  Q, as we l l  as secular  behavior. A s  a r e s u l t ,  t h e  angle of 
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incl ina, t ion i f luc tua te s ,  and t h e  o r b i t a l  plane rotates  from,the east t o  
t h e  w e s t  at a ve loc i ty  of 

3 n z-.-& ($)cos i. 

Since t h e  secular  changes of t h e  o r b i t a l  elements can be determined 
most accura,tely, i n  order  t o  study any geophysical fa.ctor it i s  expedient 
t o  concentra,te on t h e  parameter which displa.ys a secular  change as a 
funct ion of t h e  geophysical parameter being s tudied.  Accordinz t o  ( R e f .  l5), 
t h e  secular  behavior of 0 i s  e n t i r e l y  determine'd by t h e  constant Ja i n  t h e  
g r a v i t a t i o n a l  p o t e n t i a l  of t h e  Earth, so t h a t  t h e  oblateness  of t h e  Earth 
can b e  determined by t h e  secular  behavior. Thus, i f  t h e  r o t a t i o n  of t h e  
Ea r th ' s  atmosphere wi th  a.n angular ve loc i ty  of a produces a secular  com
ponent, it should not be s tudied f o r  a - where t h e r e  i s  secular  motion 
due t o  f l a t t e n i n g  of t h e  Earth - but  f o r  i, where t h e  p o t e n t i a l  of t h e  
Earth produces only f luctuahions,  as was indicated above. The e f f e c t  of 
t h e  r o t a t i o n  of t h e  Ea r th ' s  atmosphere upon t h e  AES motion has  been 
s tudied by m x y  authors .  We would l i k e  t o  poin t  out  t h e  influence of t h e  
atmosphere upon an fYES moving along an e l i p t i c a l  o r b i t .  According t o  
( R e f .  4-6), almost a l l  of t h e  braking which t h c  s a t e l l i t e  moving alonp; an 
e l i p t i c a l  o r b i t  undcrzoes lias 3.n influence close t o  t h e  perigee point ,  
s ince t h e  a. ir  dens i ty  r ap id ly  decreases with a l t i t u d e  and t h e  per igee 
a l t i t u d e  changes slowly. Thereforc, t h c  a i r  dens i ty  measured according 
t o  o r b i t a l  d a t a  from t h e  AES i s  found completely a t  perigee,  o r  close t o  
it. 

The cha,nge i n  i with time can be found from ( 3 ) :  

This has been done by several authors  on t h e  bas i s  of  scvcro.1 assumptions 
with rcspcct  t o  p .  Thus, it w a s  found i n  (Ref. 7) t h a t  i has a secular  
co:nponcnt connccted with the  sccular  change i n  t h e  per iod of r o t a t i o n  i n  
t h e  CollowinC; way: 

Ai ci sin iA~ - -3- c.052 0, 

which coincides w.ith t h e  corrcsponding formula given by King-Hele ( R e f .  6). 

Wc f ind  tlia,t a/x3 1 -I- a/& when w e  introduce t h e  angular v e l o c i t y  
of tlic a i r  with rcspcc t  t o  the  Earth's surface,  which i s  not dependent on 
l a t i t u d e  0 - "the index of c i rcu la t ion" .  Thus, f o r  0 = 0 t h e  atmosphere 
r o t a t c s  along with thc  Ea.r!,h, and t h e r e  i s  no wind i n  it. Thus, w e  have 
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Ehploying t h e  expression obtained, we can t r a c e  t h e  secular  changes i n  
t h e  o r b i t  over long periods of time. With allowance f o r  t h e  monotonic 
nature of t h e  o r b i t a l  secular  changes, according t o  (Ref. 8)  we can wr l te  /54 

and can perform in tegra t ion  from severa l  i n i t i a l  values io, To up t o  
t h e  values i and T. Then 

T
i- io = (1 + %) \ s in  io 	 T ~ ~ s z a d T ,

+. 
and we can f i n d  t h e  index of c i r cu la t ion  i n  t h e  thermosphere, which i s  
expressed 'by t h e  va r i a t ion  of t h e  o r b i t a l  elements: 

Formula (16)w a s  used t o  compute t h e  c i r cu la t ion  indices  based on da ta  
from t h e  f i rs t  Soviet and American Earth s a . t e l l i t e s ,  which a re  given i n  
t h e  l i t e r a t u r e  (Table 1). 

S a t e l l i t e  Date 

11/3 

2/21 


3/25 

4/9 

5/15 

10/1 


10/1 


3/2 

8/26 

6/15 


Period 
of 

Rotat ion, 
minut es 

1-03-75 
97-10 
93.78 

90.78 
105-95 
104.0 
104.0 
100.75 
110.18 

107.06 


Perigee 
Alt i tude,  

km 


Perigee 
lrgument 

59" 

14 


359 

352 

58 

9 

9 


3	10 

50 

23 


____. .  

Perigee 
Latitude 

52" N 


15 N 

2 s  


8 s  


52 N 

9 N  

9 N  

44 s 

36 N 

18 N 


. .  . .. 

C ircula
t ion 

Index 

-- _ _  

0.5 


-0.4 


-0.3 


0.45 


-1 




The use of formula, (16) t o  compute t h e  sunmer o r b i t a l  d a t a  of f i v e  
American s a t e l l i t e s  1aur;ck.ed i n  1963 (21-A, 21-By 21-E, 25-A, 29-A) and 
t h e  So-Jiet 1963-33A (Ref .  9) gives the  m e a n  c i r cu la t ion  index ( - 0.4) .  
Thus, t h e  opposite problem ha,s been solved - determination cf wind 5 : ~  
t h e  thermospkere based on data from o r b i t a l  AES measurements. 

The d i r e c t  problem i s  usua l ly  solved i n  t h e  l i t e r a t u r e  - computa
t i o n  of atmospheric r o t a t i o n  f o r  t h e  AES motion. Thus, King-Hele 
( R e f .  6) compared t h e  change i n  t h e  o r b i t a l  i nc l ina t ion  of t h e  second 
Soviet  s a t e l l i t e  1957 p, produced by atmospheric r o t a t  ion, with experi
mental values.  According t o  ( R e f .  6), t h e  ca,lcula,tion bes t  corresponds 
t o  a c t u a l  d a t a  i n  the  case of a wester ly  wind of 90 m*sec-l. This  
corresponds t o  our ca lcu la t ions  given i n  Table 1. However, f o r  t h e  
equinox period t h e  s a t e l l i t e  i nd ica t e s  eas t e r ly  winds c lose  t o  the  equator. 
According t o  (Ref .  7), t h e  b e s t  agreement with observations of t he  second 
t h e  t h i r d  Soviet AES occurs f o r  0 = 0, i.e.,  t h e  upper atmosphere r o t a t e s  
with t h e  Earth l i k e  a so l id  body. The est imates  given i n  Ta.ble 1 coin
c ide  with t h e  ca lcu la t ions  of King-Hele fo r  t h e  perigee pos i t i on  i n  t h e  
winter  season i n  t h e  northern hemisphere. During the  summer a s t rong 
eas te r ly-wind  p reva i l s  i n  t h e  thermosphere; i n  winter,  it changes t o  a 
wester ly  wind. When predic t ing  AFS motion, many works assume t h a t  t h e  
a,tmosphere i s  at res t  a t  perigee a . l t i tude.  This i s  equivalent t o  t h e  
statement t h a t  an e a s t e r l y  wind p reva i l s  i n  t h e  atmosphere, with respect  
t o  t h e  t e r r e s t r i a , l  observer, and equa1.s t he  Ea,rth' s r o t a t i o n a l  ve loc i ty  
a t  t h e  corresponding l a t i t u d e .  

In  t h e  las t  work of King-Hele ( R e f .  lo), t h e  angular r o t a t i o n a l  
ve loc i ty  of t h e  a.tmospher-e a t  perigee a l t i t u d e  w a s  computed according t o  
t h e  formula 

T" 


io -i = 0,0398 

where 

This  formula changes t o  (16) f o r  H/ae << 1. We compiled a. t a b l e  showing 
t h e  c i r c u l a t i o n  ind ices  based on t h e  computations of King-Hele (Table 2) 

Under t h e  assumption t h a t  t h e  wester ly-easter ly  wind i n  t h e  thermo
sphere can be described by a formula, of thermal wind, King-Hele found t h a t  
t h e  temperature must be 10% higher above t h e  equator than it i s  a;bove t h e  
pole a t  alt,it:ides of l5O-200 km, i n  order  t h a t  t h e  wind which was found 
could e x i s t .  Houever, it i s  well-known t h a t ,  alecording t o  rocket data, 
t h e  temperature a.t t hese  a l t i t u d e s  i s  higher (59"N) i n  t h e  sum?er above 
Fort  Churchill  during the  day than it  i s  above White Sands (33'N) ( R e f .  11). 
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TABLF: 2 


Sate l l i te Years 
. .  _ - .  

Perigee, km La t i tud ina l  Circulat ion 
Range Index 

210 48"N - 10"s 0.2 

360 25 N - 25 s 0.36 
190 25 N - 25 s 0.16 
210 40 N - 10 S 0.4 
220 40 N - 10 S 0.1 

240 60 N - 60 s 0.8 
300 60 N - 60 S 0.4 
210 60 N - Go s 0.4 
200 37 N - 37 s 0.4 
190 37 .N - 37 s 0.9 

This lack  of agreement between rocket d a t a  a.nd information on t h e  wind 
obtained from sa t e l l i t e  data, can apparent ly  be in te rpre ted  by t h e  f a c t  
t h a t  t h e  wind i s  determined i n  t h e  per igee sec to r  by the  AES. 
It can a l s o  be explainer: 'by t h e  f a c t  that, t h e  l a t i t u d e  and season of t h e  
atmospheric zone where t h e  per igee .k located must be taken i n t o  account 
during "wind" processing of o r b i t a l  data.. 

I n  s p i t e  of t h e  uncer ta in ty  of t h e  f i rs t  data. obtained from AES, it 
can be assumed t h a t  wind observations by t h e  AES were more representa t ive  
than dbservations of noct i lucent  clouds and ionosphere d r i f t s .  This i s  
due t o  t h e  f a c t  t h a t  t h e  measured wind represents  a quant i ty  which i s  
averaged over a r a t h e r  extensive perigee sec t ion  and which contains no 
random l o c a l  f luc tua t ions .  

A s  w a s  a l ready noted above, i n  s eve ra l  cases  t h e  ca lcu la ted  predic
t i o n  of AES o r b i t s  have been successful  both f o r  a "motionless" atmosphere 
and f o r  an atmosphere rota , t ing a t  a c e r t a i n  ve loc i ty .  These va r i a t ions  ' 

can b e  in t e rp re t ed  by seasonal and d a i l y  atmospheric var ia t ions ,  and m e r i t  
a more de t a i l ed  stud?. 

* Note: I l l e g i b l e  i n  o r ig ina l  foreign t e x t .  
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DETERMINING THE O Z O m  CONCENTRATION AT ALTITUDES OF 44-102 km 
BASED ON DATA OBTAINED FROM NOCTURNAL LAUNCHES O F  GEOPHYSICAL ROCKETS 

(Summary) 

A. Ye.  Mikirov 

This work d iscusses  t h e  r e s u l t s  obtained at  a l t i t u d e s  of 41,-102km /56
when atmospheric br ightness  w a s  measured by FIR equipment car r ied  on an 
or iented sphe r i ca l  coi?tainer. 

One of t h e  recorders  w a s  o r ien ted  toward t h e  moon during the  experi
ments. The ozone d i s t r i b u t i o n  a t  t h i s  a l t i t u d e  w a s  obtained by 
measuring t h e  lunar  r ad ia t ion  i n t e n s i t y  i n  t h e  5850 and 4200 8 spectrum 
region. 

The ozone concentrations obtained are somewhat higher than those 
calculated t h e o r e t i c a l l y  by Nicoleb and Goriukh, which were found from 
t h e  condition of photochemical equi l l ibr ium. 

The concentration w a s  lo3 t i m e s  g r ea t e r  a t  night  than it was during 
the  day at an a l t i t u d e  of 85 km. 

AERODYNAMICS OF MANOMETERS AND MASS SPECTROMETERS 
CARRIED ON ROCKETS AND SATELLITES 

A. I. Ivanovskiy 

The following r e l a t ionsh ip  can be r e a d i l y  obtained from t h e  
balance of a f l u x  f a l l i n g  on t h e  input tabe of t h e  measurement device, 
which i s  shown i n  Figure 1, and t h e  f l u x  leaving it: 

Formula (1)w a s  obtained i n  t h e  s tud ies  ( R e f .  1, 2) f o r  t h e  case of a 
cav i ty  connected with t h e  atmosphere by an aper ture .  Here n i s  t h e  densi ty
i n  the  equipment; v - t h e  most probable thermal ve loc i ty  corresponding 
t o  t h e  w a l l  temperature of t h e  equipment; n,, vo - t h e  corresponding 
quan t i t i e s  charac te r iz ing  gas i n  the  atmosphere; 
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K(P) i s  t h e  Klauaing f a c t o r  of t h e  coupling tube i n  t h e  presence of an 
a x i a l  advancing stream, go) - i n  i t s  absence. The r a t i o  between t h e  
stream leaving t h e  tube i n  a vac”m and t h e  strew. from t h e  atmosphere /57
f a l l i n g  on t h e  tube i s  ca l l ed  t h e  Klausing f a c t o r  f o r  t h e  tube.  Thus, 
t h e  problem of computing t h e  equipment behavior i n  a stream of r a r e f i e d  
gas can be reduced t o  computing t h e  Klausing f a c t o r  f o r  t h e  tube.  

Figure 1 

This problem has been solved under t h e  following assumptions: 

(1)The gas in t he  atmosphere i s  a Maxwell gas; 

(2)  The p a r t i c l e  co l l i d ing  against  t h e  w a l l  acquires i t .stemperature,  
and i s  r e f l ec t ed  d i f fuse ly ;  t h e  accomodation coeff ic ier i i  i s  1; 

(3) The p a r t i c l e  mean f r e e  path i n  the atmosphere i s  considerably 
g rea t e r  than t h e  l i n e a r  dimensions of t h e  equipment. 

All of the  p a r t i c l e s  en ter ing  t h e  tube can be divided i n t o  two 
c lasses :  

(1) Primary p a r t i c l e s  - these  p a r t i c l e s  do not co l l i de  even once 
with the  w a l l ;  

(2 )  Secondary p a r t i c l e s ,  which may co l l ide  once with t h e  w a l l  and 
which assume the  w a l l  temperature. 

The secondary p a r t i c l e s  can be character ized by t h e  r ad ia t ion  
i n t e n s i t y  I - by t h e  flux of a number of secondary p a r t i c l e s  from u n i t  
of wal l  surface per u n i t  of so l id  angle. If the d i f fus ion  condition 
i s  taken i n t o  account, t h e  following i n t e g r a l  equation can be wr i t t en  

I cos 6cos 6’ 
- .,-ds’ -i<2- CIS + Io y (6)cos 0 cos 0’ 

= Id. 
n 7) 

Here 8 and 9 ’ - are t h e  angles  between t h e  r ad ia t ion  d i r e c t i o n  and t h e  
normal t o  t h e  emitted and received r ad ia t ion  by elementary surfaces;  
y(9 )  - t h e  i n d i c a t r i x  charac te r iz ing  t h e  angular d i s t r i b u t i o n  by t h e  
m a s s  stream i n  t h e  presence of macroscopic veloci ty;  R - t h e  index 
ind ica t ing  in t eg ra t ion  over t h e  equipment surface; 2T, - t h e  index of 
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i n t eg ra t ion  over t h e  aper ture  i n t o  which t h e  gas flows. 

I n  t h e  s p e c i a l  case of a c y l i n d r i c a l  tube,  t h i s  equation can be 
reduced t o  t h e  following: 

2k
I arc tg 

21 tg26-22 . 2sln 6 d 6 =  1; ( 3 )\ ~ ( ] s - - x ' j ) l ( x ' ) d x ' +  $ \ r(6)1/1 -7 
6 

0 .  

If t h e  so lu t ion  of t h e  i n t e g r a l  equation I i s  known, t h e  dens i ty  of 
secondary p a r t i c l e s  a t  an a r b i t r a r y  poin t  and t h e  f l u x  of secondary 
p a r t i c l e s  through an a r b i t r a r y  area can be computed: 

cos 6 c.os 6' (4) 
0 - s  f i 2  

J 

This problem was f i r s t  solved by Klausing ( R e f .  3) f o r  t h e  case of a Izs 
s t a t i c  tube (a tube a t  r e s t  i n  a gas) .  This problem w a s  then solved 
i n  t h e  work ( R e f .  4-7) i n  t h e  presence of an a x i a l  advancing stream. 

The method of solving equation (3)  can be reduced t o  replacing t h e  
t rue ke rne l  by a c e r t a i n  approximating funct ion.  A f t e r  r a t h e r  c-mi.iersome 
calculat ions,  we can obta,in t h e  formula 

Here f i s  t h e  inhomogeneity of equation (3). 
K 



The resul ts  derived from t h e  ca lcu la t ion  according t o  formula (5)  
a,re shown i n  Figure 2. For a tube which i s  closed a,t t h e  bottom, t h e  
following i n t e r e s t i n g  theorem may be advanced: The i n t e n s i t y  d i s t r i b u 
t i o n  I along such a tube i s  just  t h e  same as f o r  an i n f i n i t e l y  long 
tube.  This ind ica tes  t h a t  only t h e  geometry f r o m  t h e  input sec t ion  t o  
t h e  ion iza t ion  region i s  important f o r  mass spectrometers. The geometry 
of equipment located beyond t h e  ion iza t ion  region does not influence t h e  
p a r t i c l e  dens i ty  i n  t h e  ion iza t ion  region. For t h e  region of t h e  bottom 
vacuum, t h e  following formula i s  obtained: 

The computational r e s u l t s  are shown in  Figure 3. & 
A l l  of t h e  preceding discussions pe r t a in  t o  p a r t i c l e s  which do not  

r eac t  chemically w i t h  t h e  w a l l .  However, aTomic oxygen, which i s  t h e  
main component of t h e  upper atmosphere, recombines i n t o  moleccles at the  
w a l l s .  Therefore, an atomic oxygen concentration which i s  t o o  low i s  
recorded. For such p a r t i c l e s ,  t he  concept of t h e  l o s s  coef f ic ien t  q i s  
introduced - t h e  p robab i l i t y  of p a r t i c l e  loss during a s ingle  c o l l i s i o n  
with t h e  w a l l .  

Equation (3)  can thus  be modified as follows: /60 

This so lu t ion  i s  unusually cumbersome i n  t h i s  case; therefore ,  it i s  not 
given here (see [Ref. 61). 

One fea tu re  of t h i s  case l i e s  i n  t h e  f a c t  thak one Klausing f a c t o r  i s  
in su f f i c i en t  f o r  the computations here.  The f a c t o r  of inverse conductance 
F pla.ys an important role - t h e  ra. t io of t h e  stream re f l ec t ed  by the  tube 
t o  t h e  s t r e a m  f a l l i n g  0'- - the tube.  
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The inner dens i ty  f o r  t he  equipment (see Figure 1) i s  determined by 
the  formula 



-- 

F 

45 

U 
d /a 15 

J L  
ZU 

Y R  

Figure 6 

Here c = 1 - F(0); S - t h e  cavi ty  area;  s - the '  area of t h e  input tube 
aperture .  I n  t h e  case of ?l0, w e  obtain formula (l), since i n  t h i s  
case K ( 0 )  ;; 1 - F(0).  Tables have been compiled for K( 8) and F( fl), 
where these  quan t i t i e s  are given a s  a funct ion of  1/R, u/v and q. The 
nature  of t h e  dependences obtained can be seen i n  FiPures 4-7. 
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STFiATOSPHERE AEROSOL BASED ON SPACECRAFT M F A s U R 2 " T S  

(Summary) 

G. V. Rozenberg, V. V. Tereshkova 

1. The spacecraf t  "Vostok-6" obtained photographs of t h e  edge of t h e m  
Earth, with the  t w i l i g h t  aureoles  surrounding it extending for about 500 km, 
on June 17, 1963. The photographs were taken f r o m t h e  umbra region near 
t h e  At lan t ic  Ocean with a "Konvas" motion p i c tu re  camera on black and white 
f i lm  having photometric markings without l i g h t  f i l t e r s .  The terminator  
l i n e  extended along the  southern t i p  of Africa. 

2. Two bands of decreased br ightness  could be c l e a r l y  dis t inguished i n  
t h e  photographs; these  bands indicated two sharply expressed l aye r s  of 
increased atmospheric t u r b i d i t y .  The a l t i t u d i n a l ,  photometric c ross  seckion 
of t h e  photographs made it poss ib le  t o  determine t h e  dependence of br ight 
ness, measured i n  r e l a t i v e  u n i t s ,  on t h e  per igee a l t i t u d e  i n  the  s igh t ing  
d i r ec t ion .  On t h e  bas i s  of these  data ,  t h e  absolute  values and t h e  a l t i 
t u d i n a l  behavior of t h e  s c a t t e r i n g  coe f f i c i en t s  5 were obtained f o r  t h e  
aerosol,  i .e. ,  t h e  a l t i t u d i n a l  o p t i c a l  s t ruc tu re  of aerosol  l aye r s  i n  t h e  
s t ra tosphere.  It w a s  found t h a t  t h e  f i r s t  t h i n  aerosol  layer  w a s  located 
at an a l t i t u d e  of 11.5 f 1 km. The second more powerful l aye r  had a 
maximum a t  an a l t i t u d e  of 19.5 f 1km; i t s  half- thickness  w a s  5 km, and 
o = 5 - 1 0 - % ~ 1 - ~ .  

3. The resul ts  obtained were compared with data from ind i r ec t  and 
d i r e c t  measurements of t h e  aerosol  concentration i n  t h e  s t ra tosphere  -
par t i cu la r ly ,  with d a t a  from a i rp lane  and balloon measurements, making it 
possible  t o  determine the  aerosol  chemical composition ( su l fe rous  compounds 
of ammonium), t h e  p a r t i c l e  dimensions (0.1-1micron) , t h e  concentration a t  
t h e  m a x i m u m  ( N  == 1 and t h e  volumetric concentration (V = lom1".) , 

These comparisons indicated tha.t the  concentration obta,ined from the  space
c r a f t  coincides w i t h  data from a.irpla,ne measurements; i n  both cases, it w a s  
determined with an accuracy of one order  of magnitude. It was found t h a t  
t h e  volumetric concentration w a s  one order of magnitude g rea t e r  than  t h a t  
indicated by a i rp l ane  measurements. This i s  due t o  t h e  f a c t  t h a t  gyroscopic 
aerosol  p a r t i c l e s  i n  t h e  s t ra tosphere  have an aqueous o r  i c y  cover. When 
p a r t i c l e s  were captured by t h e  t raps ,  only t h e i r  dry state w a s  examined, 
which was smaller i n  volume. 

4. On t h e  bas i s  of t h e  r e s u l t s  obtained, assumptions were advanced 
s t i p u l a t i n g  t h a t  the a l t i t u d i n a l  aerosol  layer  represents  a source of con
densation nuc le i  during t h e  formation of nacreous clouds. The quan t i t a t ive  
c h a r a c t e r i s t i c s  of t h e  aerosol  layer  must be defined more prec ise ly ,  p a r t i 
cu la r ly  t h e  nature  of  i t s  ho r i zon ta l  nonuniformity. 



RESUJ2S DERIVED FROM OPTICAL OBSERVATIONS 
WITH THE SPACECRAFT "VOSKHOD" 

K. P. Feoktistov, G. V. Pozenberg, A. B. Sdndomirskiy, 
V. N. Sergeyevich, D. M. Sonechkin 

During t h e  f l i g h t  of t h e  spacecraft  "Voskhod", i t s  crew performed /62
a group of o p t i c a l  observations which continued t h e  experiments i n i t i a t e d  
on t h e  "Vostok" spacecraft  s. 

Some preliminary r e s u l t s  w i l l  be discussed here. 

1. Photographs of t h e  l i g h t  m i s t  surrounding t h e  planetk edge i n  t h e  
d;urnal hemisphere showed t h a t  t h i s  m i s t ,  which i s  more c l e a r l y  expressed 
i n  t h e  'blue p a r t  of t h e  spectrum than  it i s  i n  t h e  red pa r t ,  not only v e i l s  
t h e  Ear th ' s  surface at the  horizon, but a l s o  t h e  troposphere cloudiness. 
The o p t i c a l  horizon of t h e  planet w a s  assumed t o  .be t h e  l i n e  of t h e  maximum 
v e r t i c a l  b r igh tness  gradient,  which can be c l e a r l y  seen i n  Figure 1, a, 
representing t h e  v e r t i c a l  photometric c ros s  sec t ion  of t h e  horizon b r igh t 
ness (perigee a , l t i tude  of t h e  s igh t ing  l i n e  i s  p lo t t ed  along t h e  absc issa  
axis; br ightness  and a l t i t u d e  a re  expressed i n  r e l a t i v e  u n i t s ) .  The change 
in  t h e  color of t h e  m i s t  with a l t i t u d e ,  which i s  c h a r a c t e r i s t i c  f o r  t h e  
v i c i n i t y  of t h i s  l i n e ,  can be r e a d i l y  explained by d ispers ion  of t h e  o p t i 
c a l  horizon a l t i t u d e s ,  due t o  the  s p e c t r a l  dependence of t he  s c a t t e r i n g  
coe f f i c i en t .  

The r a t h e r  sharply expressed i n d i c a t r i x  phenomenon and t h e  f a c t  t h a t  
t h e  o p t i c a l  horizon a l t i t u d e  does not depend 3n t h e  azimuth a r e  of p a r t i 
cu la r  i n t e r e s t .  A s  a ru l e ,  t h e  weakly expressed bands of increased 
brightness,  which a r e  p a r a l l e l  t o  t h e  horizon and which have a white color, 
on t h e  background of a monotonic decrease i n  t h e  m i s t  brightness (depending 
on t h e  d is tance  between t h e  s igh t ing  l i n e  and t h e  p lane t  edge) a r e  v i s u a l l y  
overlooked. The number of t hese  bands, which a r e  concentrated a t  below 
30 km, v a r i e s  from one t o  th ree .  Figure 1, b shows an example of a 
recording where XI" 7-10km i s  t h e  a l t i t u d e  of t h e  o p t i c a l l y  recorded 

/63 
plane t  edge above t h e  Earth 's  surface. 

2. When t h e  spacecraft  passed above t h e  nocturnal hemisphere not t oo  
far from t h e  terminator,  co lor  photographs were obtained of t h e  sunset above 
t h e  p l ane t ' s  edge. Figure 2, a, shows a reproduction of one of t hese  photo
graphs. The c h a r a c t e r i s t i c  color change - from orange at t h e  edge of t h e  
planet,  i n t o  white, and then  b lue  during t h e  t r a n s i t i o n  i n t o  space - was 
caused by s e l e c t i v e  a t tenuat ion  of t h e  l i g h t  from t h e  sunset as it passed 
toward t h e  observer. 

Attention should be ca l led  t o  t h e  daxk kands i n t e r s e c t i n g  t h e  sunset 
aureole p a r a l l e l  t o  t he  Ear th ' s  surface. This i s  a shadow due t o  t h e  
aerosol  l aye r s  screening t h e  sunset region and observed on t h e  background 
of t h e  d iu rna l  horizon as weak l i g h t  bands. These l aye r s  a re  more prominent 

82 



rl't il2 /5 

a 


D 
5 b e 

. 
I - .  I I0 zff  4n 60 

Perigee R e l .  Unit 

Figure 1 

on t h e  background of t h e  sunset than  they  are on t h e  d iu rna l  horizon, 
and have a b l u i s h  color  i n  addi t ion  t o  t h e  co lor  of t h e  l aye r s  observed 
i n  t h e  daytime. It can 'be  seen from t h e  visual recording of t h i s  hor i 
zon (shown sequent ia l ly  i n  Figure 2, b) t h a t  t h i s  co lor  i s  ac tua l ly  
observed, and i s  not caused by color  t r a n s m i t t a l  de fec t s  i n  the  photo
graph. These p i c tu re s  of t h e  sunset and daytime horizons of t he  p lane t  
c lose ly  coincide with each o ther  and with t h e  p i c t u r e  expected theore
t i ca l ly .  

From t h e  geophysical po in t  of view, it i s  important t o  stress t h e  
exis tence of extensive and comparatively s t ab le  aerosol  layers ,  which 
were discovered previously by 11V~stok-6'1.W e  es tab l i shed  t h a t  t h e i r  
number f l u c t u a t e s  (from one t o  th ree ) ,  i n  addi t ion  t o  t h e  f a c t  t h a t  
these  la,yers were observed by "Voskhod" not only a t  tw i l igh t ,  but a l s o  
during t h e  daytime. Sometimes they  were not present  at a l l ,  as can be 
seen from the  black and white photographs taken under d i f f e r e n t  condi
t i ons .  Figure 3 shows t h e  a l t i t u d i n a l  photometric c ross  sec t ions  of 
one of these  photographs, corresponding t o  d i f f e r e n t  a,zimuths. The 
s t rong azimuthal dependence of t h e  aureole br ightness  can a l s o  -be seen 
from t h e  figure, as w a s  a l ready observed i n  photographs taken from 
"Vostok-6" and as w a s  predicted theo re t i ca l ly .  

3. During t h e  f l i g h t  of "Voskhod", t h e  nocturnal  hemisphere of t h e  
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p lane t  w a s  i l luminated by t h e  moon, and during t h e  observations it was 
c lose  t o  t h e  horizon. Under these conditions,  a weak luminescent band, 
extending along t h e  horizon and c l e a r l y  d is t inguishable  on thc! background 
of t h e  aurora  po la r i s ,  w a s  observed above t h e  edge of  t h e  planet  at an 
a l t i t u d e  of about 2.5-3'. It w a s  bluish-white, with a yellowish-green 
shade. A t  t h e  sublunar point ,  t h e  br ightness  w a s  comparable with t h e  
'brightness of troposphere clouds i l luminated by t h e  moon, and decreased 
considerably as one receded from t h e  sublunar poin t  ( t h e  band could be 
t raced  t o  30-35" on both s ides ) .  

The a l t i t u d i n a l  d i s t r i b u t i o n  of t h e  luminescence (sharp upper boundary) 
and blurred lower boundary) indicated t h a t  t h e  luminescence was concen- /64
t r a t e d  i n  a comparatively t h i n  layer .  When t h e  spacecrs f t  l e f t  t h e  shade, 
t h e  luminescent band l ldissolvedlli n  t h e  dayl ight .  

4. When t h e  spacecraf t  l e f t  t h e  shade (very r a r e l y  above t h e  d iu rna l  
hemisphere) comparatively slowly moving luminescent po in ts  of white l i g h t  
appeared beyond t h e  i l luminator ;  these  poin ts  curved toward the  sun ra,ys. 
This phenomenon w a s  f i r s t  observed by John Glenn, and then  by many o ther  
cosmonauts. According t o  observations by t h e  spacecraf t  "Voskhod", 
severa l  p a r t i c l e s  with a br ightness  of between 0-2 s t e l l a r  magnitude 
usua l ly  moved i n t o  t h e  40-60" f i e l d  of view. The p a r t i c l e s  remained i n  
t h e  f i e l d  of view f o r  10-15 seconds. Their  d i r e c t i o n  of motion w a s  d i f 
f e ren t ,  and sometimes they changed before t h e  eyes of t h e  observor without 
any aspparent ex te rna l  reasons.  

The p a r t i c l e s  were located a t  0.5-3 m from t h e  spacccra.ft (at  l a r g e r  
dis tances ,  they  disappeared from t h e  f i e l d  of view). This provides a bas i s  
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f o r  assuming t h a t  t h e  p a r t i c l e s  represent  ordinary dus t  p a r t i c l e s  which 
a re  on t h e  order  of 10 microns i n  s i ze ;  t hese  dust  p a r t i c l e s  are i l lumi
nated by t h e  Sun and move with respect  t o  t h e  spacecraf t  a t  a ve loc i ty  
of 0.1-2 m/sec, i.e., t hey  belong gene t i ca l ly  t o  i t s  system. 

5.  Among t h e  photographs obtained, t h e r e  a r e  two s e r i e s  of photographs 
depict ing cloudiness on t h e  background of a water surface.  One pe r t a ins  t o  
t h e  periphery of a cyclone, and t h e  o ther  pe r t a ins  t o  t h e  periphery of an 
anticyclone. 

A s t a t i s t i c a l  ana lys i s  of t h e  br ightness  s t ruc tu re  of t he  cloud 
f i e l d s ,  which was performed on t h e  r e s u l t s  derived from photometric 
measurement of these  photographs with a reso lu t ion  of 1km”, has not only 
confirmed t h e  connection between t h e  s t a t i s t i c a l  cha rac t e r i s t i c s  and t h e  
type of cloudiness, but a l s o  between the  amount of cloudiness.  Figure 4 
shows examples of normalized co r re l a t ion  br ightness  funct ions f o r  d i f f e r 
ent  types of cloudiness on t h e  periphery of a cyclone (1 - s m a l l  cloudi
ness  A,; 2 - s ign i f i can t  cloudiness A ; 3 - s ign i f i can t  cloudiness 
Ac, C i ;  4 - s ign i f i can t  cloudiness C i ? .  For these  types  of cloudiness 
(and for a w a t e r  surface)  t h e  cne-dimensional br ightness  d i s t r i b u t i o n  l a w  
d i f f e r s  from t he  normal l a w .  
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Figure 4 

S. M. Poloskov 

This repor t  includes:  

1. The r e s u l t s  2erFved from studying t h e  n e u t r a l  composition of t h e  
Ear th ' s  atmosphere by means of r ad io  frequency mass spectrometers ca r r j ed  
on geophysical rockets .  Data are obta,ined on t h e  d i s t r i b u t i o n  of a l l  t h e  /65 
main neu t r a l  ga,ses comprising t h e  Ea r th ' s  atmosphere, as we l l  as s m a l l  
admixtures o f  non-atmospheric or ig in ,  a t  a l t i t u d e s  g rea t e r  than  100 km. 
I n  addi t ion  t o  these  data ,  t h e  r e s u l t s  der ived from studying o ther  s t ruc 
tural  (thermoba,ric) parameters of t h e  upper atmosphere (pressure,  tempera
t u r e )  by means of mass spectrometers are a l s o  presented. 

2. Certain geophysical and astronomical r e s u l t s  obtained by geophysi
c a l  rockets  during t h e  t o t a l  so l a r  ec l ip se  on February 15, 1961. 

The o u t e r  corona, br ightness  d i s t r i b u t i o n  i n  t h e  3000-6000 s p e c t r a l  
region during t h e  t o t a l  sol-ar ec l ip se  on February 15, 1961, w a s  o b t a h e d  
by an electrophotometer ca r r i ed  on a sphe r i ca l  contalner  or ien ted  i n  
space. The r e s u l t s  obtained do not  i nd ica t e  a smooth 'brightness d i s t r i b u 
t i o n  behaxior a,t d i s tances  on t h e  order  of 11-33 Ro from ..;he Sun, which 
poin ts  t o  t h e  exis tence of nonuniformities i n  t h e  s o l a r  corona which have 
l i n e a r  dimensions on the  order  of 3OO,OOO km. 
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I n  addition, t h e  ozone d i s t r i b u t i o n  at a l t i t u d e s  between 40-80 km 
before,  d u r i  g ,md a , f ter  t h e  ec l ip se  was obtained, based on absorption 
i n  t h e  2700 1s p e c t r a l  region. A comparison of t h e  r e s u l t s  shows tha,t 
t h e r e  i s  an ozone concentration increase a t  these  a l t i t u d e s  during an 
ec l ipse .  

3. The r e s u l t s  derived from a study of t h e  sca t t e red  l i g h t  of t h e  
sky, and - on t h e  basis of t hese  da t a  - t h e  r e s u l t s  derived fro% study
ing the  aerosol  component d i s t r i b u t i o n  i n  the  upper atmosphere up t o  an 
a l t i t u d e  of 450 km. The r e s u l t s  derived from studying t h e  upper atmos
phere br ightness  a t  a l t i t u d e s  betveen 70-450 km a re  given. It i s  
found t h a t  t h e  upper atmosphere br ightness  values obtained cannot be 
explained by Rayle:i.gh s c a t t e r i n g  or by eigen atmospheric luminescence. 

An assuniption i s  formulated regarding t h e  aerosol  na.ture of t h e  
br ightness  values obtained. Based on t h i s ,  t h e  sca t t e r ing  coe f l i c i en t  
and t h e  sca, t ter ing (dus t )  mat te r  concentration i s  computed. It i s  
found t h a t  t he re  i s  an ae roso l  l aye r  at the  Earth with a matter concen
t r a t i o n  m a x i m u m  at an a l t i t u d e  of 80-85 km. It i s  a l so  found t h a t  t h e  
aerosol  layer  continues t o  e x i s t  a,t a l t i t u d e s  g rea t e r  than 500 km. 

4. The r e s u l t s  derived from studying t h e  a . l t i tudes and i n t e n s i t i e s  
of t he  main t e r r e s t r i a l  atmosphere emissions f a c i l i t a t e  a determination of 
t h e  in t ens i ty  and a l t i t u d e  of t h e  5577 and 6300 8 luminescence l i nes ,  as 
we l l  as the  continuous background i n  t h e  5300 8 s p e c t r a l  region. 

87 




INFRARED SPECTROPHOTOMETRY 

OF THE FARTH'S THERMAL RADIATION 


A. I. Lebedinskiy, D. N. Glovatskiy, V. I. Tulupov,

B. V. Khlopov, A. A. Fomichev, and G. I. Shuster 


An essential role in meteorological processes is played by thermal 
radiation of the atmosphere and the underlying surface. By now rather 
extensive information has been amassed on the integral thermal radiation 
of the atmosphere and the underlying surface, as well as on radiation in 
narrow spectral intervals in the infrared region which can be recorded 
from artificial Earth satellites (Ref. 1-7). Information on colorimetric 
(Ref. 8) and spectral distribution of thermal radiation, however, is very 
sparse (Ref. 9). 

An experiment was performed to study energy distribution in the 

thermal radiation spectrum of the Earth (atmosphere and underlying sur

face); preliminary processing of results from this experiment has pro


h
vided the information presented in this report. The experiment employed 
a scanning diffraction spectrophotometer installed on the artificial 
Earth satellite "Kosmos-45". The orbital elements of this satellite /66 
are: angle of inclination of orbital plane to the equator - 65";period 
of revolution T = 89.69 min.; perigee altitude - 206 km; apogee altitude 
327 km. The spectrometer uninterruptedly conducted measurements for 65 
hr. Information was obtained which made it possible to compile a rather 
detailed chart of the Earth's thermal radiation field from 6 5 " ~to 65"s. 


The optical axis of the instrument pointing toward the Earth was 

vertically oriented. Background comparison radiation (from space) en

tered the device horizontally. Measurements were made by the Earth-space 

method of modulation. Assuming that there is small radiation from space 

in the thermal region of the spectrum, we can obtain absolute readings 

of the Earth's thermal-radiation flux. 


A photometer measuring brightness at the nadir in the waveband of 
6000-8000-8. was employed to determine the nature of cloudiness in the sub-
satellite region. Photometer resolution in this locality was about 30 km. 

The spectrophotometer is an electron-opticomechanicalinstrument de
signed to measure the strength of the Earth's thermal radiation in a 
spectral range of 7-38 V .  The device has two spectral measurement ranges 
which are necessary for operation in a very wide spectral region without 
superposition of the third and higher spectral orders on the working 
spectrum of the first order. The spectral radiation intensity is measured 
in the first spectral range in the wavelength range from 7 to 20 microns; 
in the second - it is measured in the wavelength range from 14 to 38 microns. 

The dispersing elements of the instrument's monochromators are plane 
reflecting diffraction grids of 24 lines per mm in the first spectral 
range, and 12 lines mm in the second, with maximum energy concentration 
in the spectrum of the first order at 10 p wavelengths in the first 
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spectral range, and 20 1-1 in the second spectral range. 


Spectral resolution of the instrument is (a) from 1.4 l~ at a wave
length of 7 l ~ ,  to 1.1 1-1 at a wavelength of 18 1-1 in the first range, and 
(b) from 2.8 l~ at a wavelength of 14 1-1, to 2.1 l~ at a wavelength of 
36 l~ in the second. 

The instantaneous visual field of view angle of the instrument's 
optical system is 1O46' x 2"20'. At average flight altitudes of 250 km 
at this field of view angle the inlet slits are filled with an image of 
a 7.5 x 10 km2 portion of the radiating surface. 

The instrument is capable of scanning with a visual field angle of 
-+ 8"30'. During scanning, the spectral strength is measured in the wave
length ranges: (a) A = 9.5 -+ 0.6 1-1 in the first, and (b) A = 18.5 -+ 
1.35 lJ in the second range. 

This mechanism was turned off in our experiment, and in measure

ments'at the 9.5 and 18.5 lJ wavelengths there was only area scanning 

along the satellite's flight path caused by its orbital motion. 


As radiation receivers, the instrument used semiconductor bolometers 
with a sensitive area of 1 x 1 mm2. 

The instrument's operating cycle comprised the following sequen

tially performed operations: 


(a) Measurement of energy distribution from 7 to 20 l~ in the spec

trum for 18.5 see; 


(b) Scanning along the satellite's path of motion for 14.4 see at 
wavelength A = 9.5 1-1; 

(e) Measurement of energy distribution from 14 to 38 1-1 in the spec

trum for 18.5 see; 


(d) Scanning at a wavelength of 18.5 1-I for 14.4 see. The remainder /67
of the time in the cycle was occupied by transitions between operating 
regimes. The period of the instrument's complete operating cycle was 81 see. 

A six-channel oscillograph used 35 mm moving picture film to record 
information from (1)the infrared spectrophotometers described here, 
(2) a photometer for visible radiation, (3) the ultraviolet monochroma
tor and colorimeter, which were on the same satellite and were described 
in an article (Ref. 10)which is being simultaneously published. Two 
channels registered the readings of the infrared spectrophotometers; one 
channel was used for the visible radiation photometer; two channels were 
switched on, depending on illumination at the subsatellite point. (The ul
traviolet monochromator readings were recorded on the diurnal side, those of 
the colorimeter were recorded on the nocturnal side.) One channel was util
ized via a 12-terminal,switch to measure auxiliary parameters (instrument tem
perature, power supply voltage, etc.). The moving picture film traveled at 
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Figure 1 

Optical  Diagram of Spectrophotometer 

0.8 m per see. Every 1l2 sec the  image of t h e  d i a l  of an e l e c t r i c  clock 
w a s  p r in ted  on t h e  f i lm.  After termination of observation, t h e  f i lm 
container was returned t o  Earth, and t h e  f i lm  w a s  developed under labora
t o r y  conditions.  

Figure 1gives t h e  o p t i c a l  diagram of t h e  instrument. Light en te r s  
through i n l e t  window 8, which provides a hermetic seal f o r  t h e  e n t i r e  
instrument complex. The window i s  made of E - 5  c rys t a l .  

A specular,  two-sided gold-plated modulator 7 with four  blades 
successively replaces  the  luminous f l u x  from t he  surface being studied 
by the  f l u x  from t h e  background of comparison, and v ice  versa,  a t  a r a t e  

/68 
of 27 cps a t  the  input s l i t s  of the  monochromators. 

Mirror ob jec t ive  1r e f l e c t s  a sec t ion  of t h e  inyest igated surface to 
t h e  i n l e t  s l i t s  of monochromators 3 and 3'; t h e  same object ive 2 i s  
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Figure 2 

Kinematic Diagram of Spectrophotometer 

d i rec ted  i n t o  space toward t h e  comparison background; both object ives  
have f o c a l  lengths of 55 mm and aperture  r a t i o s  of 1:2. Both d i f f r a c 
t i o n  monochromators a re  provided with collima,tors and cameras with 
i d e n t i c a l  mirror  ob jec t ives  ( 4  and 4', 6 and 6 ' ) ;  t h e  camera object ives  
have f o c a l  lengths  of 20 m and aperture  ra , t io  of 1:l. 

All t h e  mirror  ob jec t ives  are extra-axial paraboloids and a l l  a r e  
gold-plated, except f o r  4', which i s  made of uncoated l i thium f luo r ide .  
Objectives 1and 2 a r e  so placed t h a t  t h e  luminous fluxes from t h e  inves
t i g a t e d  surface and t h e  comparison background pass through t h e  very same 
spot i n  t h e  i n l e t  window, thus  el iminat ing noise  from d i scon t inu i t i e s  
i n  t h i s  window . 

As cutoff  f i l t e rs ,  t h e  o p t i c a l  system uses p l a t e  9 i n  t h e  f irst  
s p e c t r a l  range. This  p l a t e  i s  m a d e  of indium antimonide 0.15 mm th ick ,  
which cu t s  off r ad ia t ion  shor te r  than  7 p. There i s  no t ransparent  
l i g h t  f i l t e r  i n  t h e  second s p e c t r a l  range, but t h e  l i thium f luo r ide  
c r y s t a l  of which col l imator  ob jec t ive  4' i s  m a d e  does not r e f l e c t  r ad ia t ion  
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shor te r  than 14 p, while giving good r e f l e c t i o n  i n  t h e  e n t i r e  range 
from 14 t o  38 

The r ad ia t ion  f luxes  from inves t iga ted  surface and comparison back
ground, which a r e  d i s t r ibu ted  along t h e  spectrum, a r e  simultaneously 
focussed by objec t ives  6 and 6' onto t h e  sens i t i ve  a reas  of t he  two 
r ad ia t ion  rece ivers  i n  such a way t h a t ,  when r ad ia t ion  from t h e  inves
t i g a t e d  surface reaches t h e  f i r s t  spectral-band receiver ,  t h e  compari
son-background r ad ia t ion  a r r i v e s  at t h e  second spectral-band receiver,  
and vice-versa. 

The spectrum i s  scanned by r o t a t i n g  t h e  d i f f r a c t i o n  g r ids  about /69 
axes p a r a l l e l  to t h e  l i n e s  on the  g r ids  by means of t h e  corresponding 
cam mechanisms (1and 2, Figure 2) .  Area scanning at an angle of 
f 8'30' i s  accomplished by ro t a t ing  t h e  mirror object ives  (1and 2, 
Figure 1) about axis 00 at an angle of f U0by means of cam mechanism 
3 (Figure 2 ) .  I n  t h e  given experiment, cam 3 w a s  removed and object ives  
1and 2 were r i g i d l y  attached. 

The cam mechanisms and modulator d i s c  a re  dr iven by a%worm-cylinder 
reducing gear from a hys t e re s i s  synchronous motor, fed from t h e  s a t e l l i t e  
power system through i t s  own s t a t i c  converter.  

'd 32 38 
2,m i  crons 

Figure 3 

Sample of Cal ibrat ion Trace of Radiation 
From Absolutely Black Body 

The r ad ia t ion  ac t ing  on t h e  bolometers i s  converted i n t o  27-cps 
e l e c t r i c a l  s igna l s  which go t o  t h e  input of t h e  amplifying loop. In  
t h i s  loop they a re  amplified and converted i n t o  d.c. voltages porpor
t i o n a l  t o  t h e  r ad ia t ion  f luxes.  

To measure t h e  r ad ia t ion  divided by t h e  instrument 's  o p t i c a l  system 
i n t o  two s p e c t r a l  ranges, t h e  amplifying loop accordingly contains two 
channels, each of which has i t s  own preamplif ier .  I n  addi t ion t o  t h e i r  
s ens i t i ve  elements and preamplifiers,  t h e  c h m i e l s  share s t i l l  another 
pa r t  - t h e  amplifier.  To increase t h e  range of measurements, t h e  ampli
f i e r  i s  i n  t u r n  divided i n t o  two subchannels with d i f f e r e n t  amplif icat ion 
f a c t o r s  and separate  outputs t o  two osci l lograph loops with a s e n s i t i v i t y  
r a t i o  of l.:2.5. The spec t ra  were l inked t o  t h e  wavelength by t h e  
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-- 

absorption l i n e s  of polystyrene and t h e  r e f l e c t i o n  l i n e s  of quartz, as 
w e l l  as by t h e  familiar bands i n  t h e  Earth 's  atmosphere - t h e  az.one 
band at 9.6 IJ. and t h e  blend of carbon dioxide and ozone with i t s  center  
near 1.5 p. 

Before t h e  start of t h e  experiment, t h e  instrument w a s  ca l ibra ted  
by the  r ad ia t ion  of a black body. This w a s  done by using two i d e n t i c a l  
black bodies s e t  at a 90" angle t o  each other, i n  such a w a y  t h a t  radi
a t ion  from each of them f i l l e d  t h e  input aper ture  of t h e  main channel 
and the  comparison channel, respect ively.  The second black' body ( i n  
f ron t  of t h e  comparison channel) w a s  at room temperature; t h e  tempera
t u r e  of t h e  f irst  w a s  changed. The temperature of both black bodies w a s  
measured with 0.5" accuracy. 

r
I 

microns 

I 
I-p

gZt!  1 I 
1 I 1 
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s t i l b  

Figure 4 

Sample Trace (Top) Obtained During S a t e l l i t e  Measurements; 
(Center) Spec t ra l  Transparency Curves of Instrument's Optics; 

and (Bottom) Photometer Trace f o r  Visible  Radiation 

Radiation spec t ra  were recorded with t h e  f irst  black body at d i f 
fe ren t  temperatures 5" apart ,  and with t h e  second a t  a constant tempera
tu re .  Figure 3 shows a specimen ca l ib ra t ion  t r a c e  of a complete 
spectrophotometer cycle f o r  t h e  difference i n  rad ia t ion  between black 
bodies a t  temperatures T1 = 336°K and T, = 3 0 2 ~ ~ .  
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The top portion of Figure 4 gives a sample recording obtained during 

flight in space. In all, 2880 such traces were received while our equip

ment was in operation on satellite "Kosmos-45". 


Overlaps of a second-order spectrum are clearly seen in the black
body laboratory spectra and in the longwave spectrum received from space. 
Overlap occurs in the longwave spectrum from 28 to 34 IJ,and in the 
shortwave spectrum from 14 to 17 u .  At greater wavelengths, second-order/70 
spectrum strength diminishes practically to zero, while the first-order 
spectrum still remains of satisfactory strength. At wavelengths shorter 
than 28 1-1 in the longwave spectrum, and shorter than 14 in the short
wave spectrum, there is no overlap at all, because the abovementioned 
cutoff filters with respective pass limits of 14 and 7 u are used. 

The spectral transmission coefficients of all instrument optical 
system elements, except diffraction grids, were measured on spectrophoto
meters. The center part of Figure 4 is a graph of the general transmis
sion coefficient of the entire optical system; it is the product of the 
transmission coefficients of all optical system elements and is expressed 
in arbitrary units. When the spectrum was scanned, this coefficient 
changed as a function of wavelength; during area scanning, it remained 
constant. The breaks in the transmission coefficient curve in the inter
vals between spectrum and area scanning correspond to the periods of rapid 
motion of the diffraction grid from the position at the end of spectrum 
scanning to that at the beginning of area scanning - or, on the other hand, 
from the latter position to the one occupied before spectrum scanning. 
Some features of the trace in these transition sectors (particularly the 
ordinates of minimum A and maximum B noted on the shortwave scan) make it 
possible to check instrument operational accuracy and the constancy of its 
electric inertia. 

We have used data from (Ref. 11) also in relative units to calculate 
distribution of light intensity over the spectrum, which is defined by the 
diffraction grid in the high-concentration region. With a knowledge of 
both instrument factors - spectral transmission coefficient and spectral 
reflecting capacity of the grid - we can convert the traces into curves /71
of relative intensity and can then change these data into absolute units 
by comparing them with results of black-body laboratory measurements with 
the same instrument. 

In actual fact, the absolute calibration method is more complex be

cause, when related to black-body radiation, the system of reference wave

lengths is determined more accurately, as are also effective spectrophoto

meter resolution, the nonlinear characteristics of its scale, and the 

wave1ength"value of peak diffraction grid light concentration, which de

pends not only on the grid's geometric characteristics, but also on the 

degree to which the light is polarized. 


After selecting optimum values for all parameters, we plotted cali

bration curves showing the dependence of trace ordinates on radiation 

flux expressed in absolute units every 1-2 IJ for all wavelengths. These 
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Figure 5 


Energy Distribution in Typical Spectra in the 7 to 20 u 
Range, and Comparison of it With Black-Body Curves 

calibration curves were used to plot black-body radiation curves every 
10" from 200 to 300°K on the same scale as the spectra being recorded. 
In large-sclae processing of the spectra, it proved convenient to project 
the trace images on a screen, on which a family of black-body curves at 
different temperatures was plotted as a reference network. Figures 5 and 
6 present samples of traces (dark lines) projected on such a network. 
The higher intensity curves match cases of clear weather, and the lower 
intensity curves - cases of cloudy weather. 

The shortwave spectrum in Figures 4 and 5 clearly displays an ozone 
band with its center at X = 9.6 p and a blend of carbon dioxide and ozone 
bands centered at 15  U ,  sharply dividing the spectrum into two parts. 

The longwave-spectrum peak occurs at a wavelength of 18.5 P .  It is 
at this same wavelength that area scanning occurred. The peaks of the 
black-body calibration curves of the corresponding temperatures occur 
at 1 = 17 ~-r. The peaks of the investigated spectra are shifted due to 
the effect of a strong absorption band in the atmospheric spectrum. 

A number of curve irregularities, which are particularly noticeable ,@ 
in the area scans, are caused by nonuniformity in the measured surface. 
In Figure 4 the satellite is flying over a rather uniform surface, as is 
evident from the photometer trace of the visible radiation given in the 
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Figure 6 

Energy Dis t r ibu t ion  i n  Typical Spectra i n  14 t o  38 p 
Range, and Comparison of it With Black-Body Curves 

lower p a r t  of t h i s  f i gu re  (br ightness  at t h e  s u b s a t e l l i t e  point  f l uc tua te s  
within 0.35-0-55 sb). When cloudless  regions a l t e r n a t e  with clouds, t h e  
t r a c e  f luc tua t ions  a r e  usua l ly  very strong. 

The chief purpose of t h e  v i s ib l e - r ad ia t ion  photometer i s  t o  provide 
a method f o r  d i s t inguish ing  cloudsfrom land and sea surfaces  which i s  
independent of in f ra red  measurements. In  0.6-0.8 ci red l i g h t ,  t h e  albedo 
of clouds reaches 60-7076, while water surfaces  and dry-land regions 
covered by a f o r e s t  seem almost black. Even dese r t s  have an albedo which 
d i f f e r s  sharply from t h a t  of clouds, e.g., i n  t h e  Sahara our measurements 
show t h a t  albedo v a r i e s  from 15 t o  25%. 

I n  t h e  so-called s p e c t r a l  "transmittance window," i.e., a t  wave
lengths fmn 8 to 12 u ,  t h e  e f f ec t ive  r ad ia t ion  temperature - when the re  a re  
no clouds - i s  c lose t o  t h a t  of t he  ground. With clouds, however, it 
approaches t h e  r ad ia t ion  temperature of t h e i r  upper surface,  o f ten  d i f f e r 
ing  by 20-30' from ground temperature. There should therefore  be, and i n  
ac tua l  f a c t  t he re  i s ,a  close negative co r re l a t ion  between i n t e n s i t i e s  
measured i n  t h i s  waveband by t h e  inf ra red  spectrophotometer and br igh t 
nesses at t h e  s u b s a t e l l i t e  point  measured by t h e  v is ib le - rad ia t ion  
photometer. A graphic i l l u s t r a t i o n  of t h i s  may be  found i n  Figure 7, where 
a t y p i c a l  a r ea  scanning at 9.5 p (curve 1) i s  compared t o  a v i s ib l e -
r ad ia t ion  photometer t r a c e  (Curve 2). The sca le  of e f f ec t ive  temperatures 
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Area Scanning at a Wavelength of 9.5 )I 
and i n  V i s i b l e  Region of Spectrum 

f o r  curve 1 i s  given a t  t he  l e f t ;  the  sca l e  of br ightness  f o r  curve 2 i s  
given a t  the rliglit i n  s t i lbs .  The tiiiie i n  secoiids, computed from t h e  start  
o f  scannin:; (15 sec corresponds t o  s a t e l l i t e  t r a v e l  of 120 km) i s  p lo t t ed  
aloni: tile absc issa  axis. 

It should be noted t h a t ,  i n  s p i t e  of t h e  f a c t  t h a t  area scanning occurs 
i n  t h e  ozone absorption band (centered at 9.65 p) t h e  f luc tua t ions  of curve 
1 i n  Figure 7 are explnlncd p r i n c i p a l l y  by va r i a t ions  i n  r ad ia t ion  from t h e m  
underlying surface,  not from changes i n  atmospheric ozone content,  s ince  
bandwidtli ,'!A = 1.2 IJ. r cg i s t e red  by t h e  instrument i s  wider than  t h e  ozone 
absorption band. 

W e  could have easj.ly pred ic ted  t h e  f ind ing  shown i n  Figure 7, but the  
s i m i l a r  graph i n  Figure 8, where curve 1 represents  a t y p i c a l  area scan at 
wavelength 18.5 p, i s  far from t r i v i a l .  The negat ive co r re l a t ion  i n  t h i s  
case i s  j u s t  as c lose  as i n  t h e  preceding. However, wavelengLh 18.5 p i s  
not s i t u a t e d  i n  t he  t ransmit tance window, but i n  a region of r a t h e r  s t rong  
water-va,por absorpt ion bands, and t h e  por t ion  of r ad ia t ion  contr ibuted by 
t h e  lower t ropospheric  l a y e r s  t o  t h e  r ad ia t ion  f l u x  emitted i n t o  outer  
space should be ma te r i a l ly  smaller  here.  The dependence of e f f e c t i v e  temp
e r a t u r e  of incoming r a d i a t i o n  on cloudiness at greaker wavelengbhs should 
be even weaker, s ince  t h e  m e a n  water-vapor absorpt ion coe f f i c i en t  increases  
s i g n i f i c a n t l y  on t h e  l o n e a v e  s ide.  I n  re a l i t y ,  t h i s  i s  not t h e  case. The 
t y p i c a l  curve of s p e c t r a l  energy d i s t r i b u t i o n  i n  Figure 6 does not d i f f e r  
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L O K  s t i l b  

Figure 8 

Area Scanning a t  Wavelength of 18.5 /.A 
and i n  Visible  Region of Spectrum 

g rea t ly  from t h e  black-body curve i n  t h e  e n t i r e  wavelength range from 
20.to 35 p. This deduction, based on an inves t iga t ion  of t h e  t y p i c a l  
curves, i s  corroborated by random s t a t i s t i c a l  processing which s t i l l  
encompasses only a por t ion  of t he  mater ia l  a t  our disposal .  

Figure 9 shows t h e  l a t i t u d i n a l  dependence of e f f ec t ive  temperature 
at a wavelength of 9.5 p from area  scanning d a t a  on one of t he  revolu
t i o n s .  Time from t h e  moment t h e  s a t e l l i t e  crosses  t h e  equator i s  p lo t t ed  
along the  absc issa  ax is ,  and l a t i t u d e  9 and longitude 1 of t h e  s u b s a t e l l i t e  
po in t  a r e  given every 8 min ( longi tude i s  assumed t o  be pos i t i ve  eastward 
from Greenwich). 

The f igure  presents  t h r e e  curves: t he  upper corresponds t o  highest  
r ad ia t ion  i n t e n s i t i e s  i n  every scan; t h e  lower, t o  t h e  smallest  i n t ens i 
t i e s ;  and t h e  middle, t o  average i n t e n s i t i e s  over t h e  a rea  delimited by 
t h e  scanning curve. It i s  evident t h a t  t h e  curves undergo abrupt changes 
which can be  explained by cloudiness. It i s  c l e a r  from t h e  f igu re  t h a t  
curve behavior va r i e s  - now the  curves approach each other  c losely,  now 
they diverge widely. The explanation of t h i s  l i e s  i n  the  varying degree 
of r ad ia t ion  f i e l d  nonunifomi’Ly. I n  cases where t h e  curves approach 
each o ther  c lose ly ,  t h e  r ad ia t ion  f i e l d  during t h e  period of a rea  scan 
(14.4 see) has not subs t an t i a l ly  changed. When, however, t h e  curves 
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Latitudinal Dependence of, and Local Fluctuations in, Radiation at a Wavelength of 9.5 l~ 
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Latitudinal Dependence of, and Local Fluctuations in, Radiation at a Wavelength of 18.5 lJ 




diverge, t h e  r ad ia t ion  f i e l d  i s  highly nonuniform, and t h e  explanation 
l i e s  i n  changes of t h e  underlying surface - most of ten  by a l t e rna t ion  
of clouds and spaces between them. Abrupt d i p s  i n  r ad ia t ion  a t  9.5 p 
a r e  of ten  observed, when e f f ec t ive  r ad ia t ion  temperature drops t o  250
260°K. A t  t h i s  moment t h e  cloud cover has entered t h e  instrument 's  
f i e l d  of view. The discontinuous segments of t h e  curves ind ica t e  t h e  
instrument kas gone off  scale, i - e . ,  e f f e c t i v e  r ad ia t ion  temperatures 
above 300°K. 

The graphs i n  Figure 10, p lo t t ed  j u s t  l i k e  those i n  Figure 9, a l s o  
present a similar picture ,  bu t  f o r  a wavelength of 18.5 p and another 
revolution. The only e s s e n t i a l  d i f fe rence  i s  t h a t  t h e  maximum tempera
tu re s  here a r e  somewhat lower. 

Figure 11 compares t h e  l a t i t u d i n a l  r e l a t ionsh ips  of t h e  average 
e f f ec t ive  temperatures during scans f o r  wavelengths 18.5 p and 9.5 ~1 
(curves 1 and 2, respect ively)  with t h e  photometer t r a c e  f o r  v i s i b l e  
r ad ia t ion  (upper curve) f o r  a s ing le  revolution. The photometer 
readings are zero on t h e  nocturnal s ide  of t h e  Earth (from 27 t o  72 
min) and c lose ly  coincide with both e f f e c t i v e  temperatures on t h e  Earth 's  
d iu rna l  side.  

The co r re l a t ive  graphs i n  Figure 12 were p l o t t e d  from measurements 
on 180 consecutive i n t e n s i t y  t r a c e s  at f i v e  wavelengths: 9.5, 18.5, 26, 
and 34 p, as we l l  as at t h e  minimum of t h e  carbon-dioxide and ozone-band 
blend near 15 p. I n  t h e  t w o  graphs at t h e  l e f t  t h e  i n t e n s i t y  at 18.5 
w a s  measured from shortwave spectra,  and i n  t h e  t w o  at t h e  r i g h t  - from 
longwave spectra.  A l l  i n t e n s i t i e s  a re  expressed i n  a r b i t r a r y  un i t s .  In
t e n s i t y  i n  t h e  minimum absorption band of about 15 IJ i s  almost constant, 
as has been previously noted (Ref. 6 ) .
detected between i n t e n s i t i e s  at t h e  o ther  four  wavelengths, and ind ica tes  

A r a t h e r  c lose cor re la t ion  i s  

t h a t  t h e  spec t ra  a re  f'undamentally described by one parameter, i.e., t h e  
e f f ec t ive  r ad ia t ion  l eve l s  do not d i f f e r  t oo  g rea t ly  i n  t h e  various spec
t r u m  i n t e r v a l s  from 8 t o  35 p. Since a l l  s p e c t r a l  in te rva ls ,  i n  t h e  f i rs t  
place, display a great  cloudiness e f f e c t  on s t rength  of rad ia t ion  leaving 
t h e  atmosphere, and since, i n  t h e  second place, t h e  e f f ec t ive  temperature 
i s  close t o  t h e  temperature of t h e  lower troposphere, it i s  probably 
prec ise ly  these  l aye r s  which must be regarded as t h e  main source of t h e  
r ad ia t ion  leaving Earth 's  atmosphere. 

This conclusion i s  a l s o  confirmed by t h e  l a t i t u d i n a l  dependence of 
e f f ec t ive  r ad ia t ion  temperature. The s t ra tosphere i s  known t o  'be colder 
at t h e  equator than at high l a t i t udes .  Therefore, if t h e  e f f ec t ive  
thermal-radiation l e v e l  were i n  t h e  s t ra tosphere,  t h e  curves showing 
l a t i t u d i n a l  dependence i n  Figures 10 and 11would r i s e  i n  t h e  high la t i 
tudes and descend i n  t h e  equator ia l  region. The ac tua l  course of these  
curves i s  just  t h e  reverse,  i.e., t h e  same as i n  Figure 9. 

The e s s e n t i a l  cha rac t e r i s t i c  of t h e  derived spec t ra  i s  t h e  very la rge  
and highly var iab le  i n t e n s i t y  of t h e  ozone band centered a t  9.6 p. Figure 13 
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Figure 11 


Comparison of Geographical Distribution of 
Radiation at Wavelengths of 9 .5  1-1, 1-8.51-1,

and in Visible Region of Spectrum 
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Correlative Dependences Between Radiation at Diverse Wavelengths 
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Figure 13 

Examples of Differ ing In t ens i ty  of Ozone Band at 9.6 v 

presents examples of t h ree  spec t r a l  t r aces  of t h i s  band a t  d i f f e r ing  
depths - a l l  recorded i n  10 min near a l a t i t u d e  of 65". The ac tua l  depth 
of t h e  ozone band must 'be even deeper, s ince t h e  instrument which con
ducted t h e  measurements had an e f f ec t ive  resolving power of about 1.2 td, 
which w a s  subs t an t i a l ly  wider than t h e  ozone band. 

The l a t i t u d i n a l  dependence of t h e '  r e l a t i v e  depth of t h e  ozone 
absorption l i n e s  w a s  l ikewise p lo t ted .  The r e l a t i v e  depth of t hese  l i n e s  
has been defined as t h e  r a t i o  &/h, where h = (h,+ h2)/2,h, i s  t h e  height 
of t h e  spectrum when h = 8.5 p; h2 i s  t h i s  height when h :< 11 p; Ah = h-h,, 
where h3 i s  spectrum height with h = 9.6 p. Figure 14  presents  t h i s  
l a t i t u d i n a l  dependence. A s  i s  evident from t h e  f igure,  t h e  amount of  ozone 
i n  t h e  atmosphere at high l a t i t u d e s  i n  September exceeds t h a t  i n  t h e  equa
t o r i a l  region. The va r i a t ions  i n  absorption-band depth from place t o  place 
a re  c l e a r l y  evident. 

It has already been repeatedly observed t h a t  t he re  are  two components 
which absorb longwave rad ia t ion  i n  t h e  14-15 region: The very s t rong 
carbon-dioxide absorption band from 12.9 t o  17.1 p, centered at h = 14.7 p, 
and t h e  ozone absorption'band from 12.5 t o  15.5 p, centered at h = 14.1  p. 
This ozone absorption band i s  of ten  l e f t  out of consideration because it 
coincides with t h e  very s t rong C02 band. However, s ince the  oxone absorp
tion-band at 14 .1  p may be r a the r  strong, as follows from ..:xamining t h e  
absorption band at 9.6 p, t h e  contr ibut ion made by ozone t o  t h e  observed 
14.5 pband  may be substantial. 

When explaining t h e  exceptionally high i n t e n s i t i e s  of t h e  carbon-
dioxide and ozone absorption-bands, we should probably bear  t h e  f ac t  i n  
mind t h a t ,  j u s t  as i n  s t e l l a r  atmospheres, s ca t t e r ing  i n  the  ra ref ied  layers  
above t h e  region of l o c a l  thermodynamic equilibrium may play an e s s e n t i a l  
r o l e  i n  t h e  formation of absorption l i n e s  i n  t h e  Earth 's  atmosphere. 
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Figure 1 4  

k t i t u d i n a l  Dependence of, and Local Fluctuat ions in,  
Ozone Absorption Band at 9.6 p 
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INVESTIGATING THE: EA.KCH'S ATMOSPHERIC R A D W I O N  
II?TKE VISIBm AND UEPRAVI0I;FII Rl3GIONS 

A. I. kbedinskiy ,  V. A. Erasnopol'skiy, 
A. I?. Kuznetsov, and V. A. Iozenas 

The a r t i f i c i a l  Earth s a t e l l i t e  "Kosmos-45" measured night airglow 
and sca t te red  s o l a r  u l t r a v i o l e t  radiat ion.  The s a t e l l i t e ' s  o rb i t  w a s  
inc l ined  65' t o  t h e  equator ia l  plane; t he  experiment w a s  conducted i n  
September, 1964. An u l t r a v i o l e t  spectrophotometer, which w a s  turned on 
only on t h e  day s ide  of t h e  Earth, w a s  used t o  r e g i s t e r  t h e  sca t te red  
u l t r a v i o l e t  rad ia t ion .  A colorimeter, operating only on t h e  night s ide  
of t h e  Earth, w a s  employed t o  measure t h e  night airglow. The instruments 
wereccmm- on and t h e  underlying surface checked by a recorder meas
ur ing  i l luminat ion at wavelengths O f  0.6-0.85 p. The o p t i c a l  axes of 
t h e  instruments were pointed at t h e  nadir.  

Measurement Equipment 

The u l t r a v i o l e t  spectrophotometer (Figure 1) i s  a double monochroma
t o r  operating i n  t h e  2250-3100 8 region. Light coming through the  quartz 
window and condensing lens  a r r ives  at the  spectrophotometer i n l e t  s l i t  
and proceeds on t o  a concave d i f f r ac t ion  g r id  (600 l i n e s  per mm) with a 
f o c a l  length of 125 nun. The d i f f r a c t i o n  gr id  l i n e s  a re  or iented f o r  f irst-
order dextrorotary r e f l ec t ion  of t h e  maximum amount of l i g h t  at t h e  wave
lengths around 2500 8. A spectrum with a dispers ion of 67 8/mm i s  rec3ived 
a t  t h e  image plane of t h e  i n l e t  s l i t ,  where the re  i s  a moveable ou t l e t  s l i t  
which separates  a narrow band of wavelengths from t h e  spectrum. The output 
s l i t  i s  moved by a step-type motor which i s  turned on by mult i -vibrator  
pulses  through a relay.  In  150 steps t h e  s l i t  moves from the  longwave t o  
t h e  extremely shortwave posi t ion,  a f t e r  which it re turns  t o  i t s  o r ig ina l  
posi t ion.  This cycle f o r  recording one spectrum lasts a,bout 30 see. 

After t h e  o u t l e t  s l i t ,  t he  l i g h t  passes through a lens  which converts 
t h e  diverging beam i n t o  a p a r a l l e l  one, which f a l l s  on a f l a t  d i f f r a c t i o n  
gr id  having 2400 line/". The l i n e a r  dispers ion of  t h e  monochromator with 
t h e  f la t  d i f f r a c t i o n  gr id  i s  equal i n  magnitude t o  t h a t  of t he  concave gr id  
and opposite t o  it i n  sign. Thus, regardless  of wavelength, t h e  l i g h t  h i t s  
t h e  same spot on t h e  photomultiplier photocathode. /79 

Double monochromatiza,tion i s  employed because of t h e  need f o r  m a x i m u m  
reduction of sca t te red  l i gh t .  For t h e  same purpose, t h e  spectrophotometer 
components a re  blackened, and t h e  d i f f e ren t  p a r t s  of t h e  op t i ca l  system 
a r e  photoinsulated from each other  as much as possible .  

The l i g h t  flux i s  modulated at a frequency of 600 cps by a, shut te r  
s i t ua t ed  i m e d i a t e l y  behind t h e  quartz i n l e t  window. Modulation frequency 
s t a b i l i t y  i s  about 1%. 



IvlovEable Outlet gr id ,  
Slit 600 lines/" 

Figure 1 


Block Diagram of Equipment 


The photomultiplier with an antimony-cesium photocathode on quartz 
had an amplification of around l o 7  and was fed from a converter giving 
a stabilized voltage of 1250 v. The photomultiplier output signal was 
amplified by a preamplifier with a tuned frequency of 600 cps and pass-
band of 30 cps. It then went to the main amplifier and detector. The 
rectified signal was recorded. The preamplifier is situated within the 
optical unit of the spectrophotometer; a separate unit contains the main 
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Figure 2 

Dependence of Ul t rav io le t  Spectrophotometer 
Sens i t i v i ty  on Wavelength According t o  Daka  
From Cal ibrat ion Measurements with s18-200 
Incandescent Lamp and DVS-25 Hydrogen LQmp 

amplifier,  de tec tor ,  vol tage converter, mult ivibrator ,  step-type 
s t a r t i n g  motor, as wel l  as t h e  u n i t s  ensuring instrument commutation 
and operation of colorimeter and luminosity sensor. 

Instrument reso lu t ion  w a s  15 8 - t h e  2393.5 and 2379 8 l i n e s  of 
t h e  mercury spectrum were resolved by t h e  instrument a t  t h e  l i m i t .  

The v i s u a l  f i e l d  of t h e  instrument covers an area  of 20 Inn. The 
instrument w a s  tal-ibrated 'by mercury-spectrum wavelengths, and for sen
s i t i v i t y  'by means of t h e  spectrum of a hydrogen lamp and a standard 
ribbon-filament incandescent lamp. The spectrum of t h e  ribbon-filament 
incandescent lamp i n  turn,  was ca l ibra ted  by a black body with 5% 
accuracy t o  2450 2. For t h e  hydrogen lamp t h e  average spectrum f o r  t h i s  
type of lamp w a s  used. Figure 2 shows t h e  instrument s e n s i t i v i t y  obtained 
by ca l ib ra t ion  as a funct ion of wavelength. The agreement between r e s u l t s  
i n  ca l ib ra t ing  the  hydrogen and t h e  ribbon-filament lamp w a s  qu i te  satis
fac tory  . 

A photores i s tor  of cadmium selenide s i tua t ed  at some d is tance  from 
a lens  of KS-10 g l a s s  a c t s  as t h e  luminosity sensor. The sensor 's  areal 
f i e l d  of v i s ion  i s  25 h. The KS-10 g las s  cu t s  o f f  ra,diation of wave
length shor te r  than 0.6 p, thus  el iminat ing t h e  e f f e c t  of l i g h t  sca t te red  
by t h e  akmosphere. The infrared sensit ivity-boundary of cadmium selenide 
i s  akout 0.85 p; hence t h e  luminosity sensor i s  a photometer i n  t h e  
0.6-0.85 p region. The sensor w a s  ca l fbra ted  by sunl ight  r e f l ec t ed  from 



a magnesium oxide screen. Neutral l i g h t  f i l t e r s  were used f o r  t h e  C a l i - /80 
bra t ion .  Figure 3 gives t h e  dependence of sensor readings on screen 
br ightness .  Sensor nonl inear i ty  i n  low f luxes  was caused by photoresis tor  
nanl inear i ty ;  nonl inear i ty  i n  la rge  f luxes  w a s  created by t h e  e l e c t r i c  
c i r c u i t  f o r  extending t h e  range of sensor operation i n  high degrees of 
i l luminat ion.  

The colorimeter (Figure 1) f o r  measuring night  airglow had a shu t t e r  
and a d i s c  with l i g h t  f i l t e r s  arranged along one axis .  The shu t t e r  
modulated t h e  l i g h t  f l u x  with a frequency of 500 f 10 cps. The d i s c  with 
t h e  l i g h t  f i l t e r s  w a s  ro ta ted  once i n  12.5 see through a reducer by 
t h e  same motor which ro ta ted  t h e  shut te r .  Directly 'behind t h e  d i sc  were 
two photomultipliers of t h e  same type as t h e  ultraviolet-spectrophotometer 
photomultiplier.  Each photomultiplier had i t s  own ampl io ing  c i r c u i t .  The 
s e n s i t i v i t i e s  of t hese  c i r c u i t s  d i f f e red  by f ac to r s  of approximately 30. 
The o p t i c a l  u n i t  of t h e  colorimeter also contained a converter ( f o r  
powering t h e  photomultipliers ), input amplifiers,  and noise -suppressing 
f i l t e r s  f o r  e l iminat ing motor-effect on t h e  sens i t i ve  input c i r c u i t s .  The 
main amplif iers  were located i n  an electronic un i t .  They had a resonance 
frequency of 500 cps and passband of 40 cps. The e l e c t r i c a l  units of t h e  
colorimeter did not e s s e n t i a l l y  d i f f e r  from analogous ones i n  t h e  u l t r a 
v i o l e t  spectrophotometer. The a r e a l  f i e l d  ofvis ion of t h e  colorimeter 
w a s  120 km. 

Figure 3 

Dependence of Luminosity Sensor Readings on Screen 
Brightness (100% corresponds t o  a brightness of 3.0 s t i l b s )  

Figure 4 gives t h e  l i g h t - f i l t e r  transmission curves. Light f i l t e r  
ZhS-4 cu ts  off u l t r a v i o l e t  radiat ion.  On the  longwave s ide  the  region 
separated out by t h i s  l i g h t  f i l t e r  i s  delimited by the  longwave boundary of 
t h e  antimony-cesium photocathode around 6000 8. Light f i l t e r  UFS-1 makes it 
possible  t o  measure rad ia t ion  i n  the  2500-4000 8 wavelength ran e.  Two 
narrow-band l i g h t  f i l t e r s  segregate emissions a t  5577 and 3914 f . The 
passbands of the  narrow-band l i g h t  f i l t e r s  a r e  about 100 a wide. An SFD-2 
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Figure 4 

Colorimeter F i l t e r  Transmission Curves 

spectrophotometer w a s  used t o  measure t h e  l i g h t - f i l t e r  transmission curves. 

One of t h e  f i v e  apertures  f o r  l i g h t  f i l t e r s  i n  t h e  d i s c  i s  l e f t  open. /81.
The r ad ia t ion  a r r iv ing  a t  t h e  photomultiplier through t h i s  aper ture  i s  
l imi ted  on t h e  shortwave s ide by t h e  quastz i l luminator  transmission. The 
engineering standards f o r  t he  quartz s e t  i n  t h i s  i l luminator  correspond t o  
transmission no poorer than 20-40%f o r  1650 a rad ia t ion .  

Colorimeter ca l ib ra t ion  was accomplished by means of t h e  sane ribbon-
filament lamp used t o  c a l i b r a t e  t h e  u l t r a v i o l e t  spectrophotometer. A 
diaphragm 1.03 mm i n  diameter and a s e t  of neut ra l  l i g h t  f i l t e r s  were 
employed t o  reduce t h e  f l u x  when ca l ib ra t ing  e f f ec t ive  instrument s e n s i t i 
v i t y  with Zhs-4 and 5577 1 l i g h t  f i l t e r s .  A s  a r e s u l t  of t h i s  ca l ib ra t ion  
t h e  instrument f a c t o r  w a s  determined i n  absolute u n i t s  f o r  rad ia t ion  i n  
the  v i s i b l e  spectrum, which makes it possible  t o  ca lcu la te  instrument sen
s i t i v i t y  f o r  u l t r a v i o l e t  l i g h t - f  i l t e rs  by means of t h e  photomultiplier 
spec t r a l - sens i t i v i ty  curve and t h e  l i g h t - f i l t e r  transmission curves. This 
was a l so  t h e  means f o r  determining instrument s e n s i t i v i t y  i n  t h e  absence 
of a l i g h t  f i l t e r  and f o r  l i g h t  f i l t e r s  3914 8 and UFS-1. When instrument 
s e n s i t i v i t y  with narrow-.band l i g h t  f i l t e r s  w a s  determined, correct ions were 
introduced f o r  t h e  dependence of t he  t ransmissivi ty  of these  f i l t e r s  on t h e  
incident  angle of t h e  l i g h t  ray. 



Experimental Results 

Figure 5 gives  t h e  t y p i c a l  aspect  of an atmospheric spectrzx 
recorded by t h e  u l t r a v i o l e t  spectrophotometer. The u l t r a v i o l e t  spec
t m m  of t h e  Sun obtained by Rense (Ref .  1) by rocket  on August 6, 1957 
i s  a l s o  shown. The s t ruc tu re  of both spec t r a  i s  s i m i l a r ,  but i n t e n s i t y  
decrease i n  t h e  atmospheric spectrum as wavelength becomes shor t e r  i s  
subs t an t i a l ly  s teeper  than i n  t h e  s o l a r  spectrum. This  i s  caused by 
r i s i n g  ozone absorption. 

The computed spec t r a  i n  ( R e f .  2), i n  con t r a s t  t o  those observed, 
t ake  a smori;!vr course because a s o l a r  spectrum wi th  t h e  low resolu
t i o n  of A X  = 50 8 ( t h i s  spectrum w a s  given, f o r  example i n  [Ref. 31) 
was used i n  t h i s  computation. 

The spectrum depends on t h e  zeni th  d is tance  of t h e  Sun. When t h e  
sa te l l i t e  was at d i f f e r e n t  lat i tudes,  t he  zen i th  d is tances  of t h e  Sun 
a l s o  var ied.  Therefore, t h i s  co r re l a t ion  involves not only an increase 
i n  t h e  length of t h e  s o l a r  r ay ' s  path through t h e  absorpt ive ozone 
layer,  but a l s o  t h e  l a t i t u d e  dependence of t h e  c h a r a c t e r i s t i c s  of t h i s  
layer. 

There a l s o  i s  a co r re l a t ion  between u l t r a v i o l e t  spectrophotometer 
readings and those of an inf ra red  spectrophotometer i n  t h e  9.65 u ozone 
band. An in f r a red  spectrophotometer was p a r t  of t h e  equipment aboard 
t ' K ~ s m ~ ~ - 4 5 t t ,and recorded thermal spec t r a  of t h e  atmosphere during t h e  
whole operat ing per iod of t h e  u l t r a v i o l e t  spec-trophotometer and t h e  
colorimeter (Ref .  4 ) .  The r e s u l t s  obtained by t h e  u l t r a v i o l e t  and inTri2
red spectrophotometers may serve f o r  mutual checks i n  evalua,tions of t h e  
ozone-layer cha rac t e r i s t i c s .  

A co r re l a t ion  between i n t e n s i t i e s  near t h e  longwave boundary of t h e  
u l t r a v i o l e t  spectrum at  X > 3000 8 and luminosity-sensor readings w a s  
detected.  These readings depend g rea t ly  on cloudiness, s ince  cloud albedo 
i n  t h e  red region i s  subs t an t i a l ly  g rea t e r  than t h a t  of t h e  Earth 's  sur
face o r  of pure atmosphere. Therefore, t h e  lwi inos i ty  sensor does not 
give a ba,d estimate of cloudiness i n  t h e  region measi-cred. This cor re la 
t i o n  ind ica tes  t h a t  an appreciable p a r t  of atmospheric r ad ia t ion  i s  due 
t o  tropospheric sca t te r ingprocesses  and r e f l e c t i o n  below t h e  main ozone-
l aye r  mass when X > 3000 8 .  

A significanL p a r t  o f  t h e  d a t a  derived by t h e  colorimeter i s  d i s 
t o r t e d  by lunar  i l luminat ion.  The Moon's e f f e c t  i s  par t icula , r ly  not ice
able  i n  wide-band l i g h t  f i l4;ers;  t h e  readings with t h e  5577 2 l i g h t  
f i l t e r ,  on t h e  contrary,  do not e s s e n t i a l l y  change t h e i r  character  when 
lunar i l luminat ion i s  not t o o  strong. Figure 6 and 7 give instrument 
readings i n  revolut ions covering regions of t h e  Earth 's  surface and of 
t h e  troposphere unilluminated by t h e  moon ( lunar  zeni th  d is tance  g rea t e r  

/82 
than 92.5"). I n  these  regions t h e  s t rength  of t h e  Moon's l i g h t  w a s  on 
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Figure 5 

Typical  Atmospheric Spectrum Recorded by 
Ul t rav io le t  Spectrophotomet e r  

Readings t o  t h e  r i g h t  and l e f t  of 2850 
r e f e r  t o  d i f f e r e n t  sca les  of instrument 
s e n s i t i v i t y  ( s e n s i t i v i t y  r a t i o  1:3) .  Below 
i s  given t h e  s o l a r  spectrum obtained by 
Rense i n  1957 (Ref. 1). 

t h e  order  of 5% of t h e  night  airglow i n  t h e  v i s i b l e  p a r t  of t h e  spectrum. 
In  t h e  moonless regions, t h e  geomagnetic l a t i t u d e  i s  entered along t h e  
absc issa  axis. The absc issa  ax i s  addi t iona l ly  ind ica tes  t he  l o c a l  time a t  
t h e  point  of measurement. Instrument readings during a completely moon
lit revolut ion are given f o r  purposes of comparison. 

A r t i f i c i a l  sources of l i g h t  could exert no s ign i f i can t  e f f ec t ,  
s ince  t h e  moonless regions were i n  t h e  Southwest Pac i f i c  Ocean and over t he  
Indian Ocean. The resul ts  discussed below were obtained when processing 
t h e  p a r t  of t h e  material  which w a s  not influenced by t h e  Moon. 

I n  Figures 6 and 7 t h e  reading 100 corresponds t o  a t e r r e s t r i a l  
atmospheric br ightness  of 

9.2-107quantum.cm-2 .see-' -sterad-' f o r  f i l t e r  5577 8, 
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Figure 6 
Colorimeter Readings on Several ReVolutions 

1 - Quartz window, 2 - ZhS-4, 3 - UFS-1, 4 - 3914 8, 5 - 5577 1. 
revolution t h e  Moon was 2-3" above t h e  horizon. 

On t h e  last 
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Figure 6 (Con t ’d )  
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Figure 7 

Colorimeter Readings on Several Revok'; i-ons 

Notation i s  the same as i n  Figure 6. 
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1 . 5 0 1 0 ~quantum-cm-2 . sec- l*s te rad- l  f o r  f i l t e r  3914 8, 
3.2010~ UFS-1, and 

about 6.5 10' 11 If I1  11 11 If ZhS-1 

Photomultiplier sens:i.tivity i n  t h e  v i s i b l e  region i s  highly dependent on 
quanta energy; therefore ,  t h e  absolute value f o r  f i l t e r  ZhS-1 depends on 
t h e  s p e c t r a l  d i s t r i b u t i o n  of rad ia t ion  energy. The value of 6.5. 1O8quantwn* 
em-2 *see-1-sterad- '  f o r  f i l t e r  ZhS-1 w a s  derived by computation f o r  a uniform 
spectrum of r ad ia t ion  energy-

The co r re l a t ion  between readings taken with d i f f e r e n t  l i g h t  f i l t e r s  i s  
very apparent. Cases of cor re la t ion  dis turbance are comparatively ra re ,  
and may therefore  a l so  be in t e re s t ing  ( w e  can see, f o r  example, a cor re la t ion  
disturbance in t h e  first revolut ion at 35' south geomagnetic l a t i t u d e  as a 
ce r t a in  decrease i n  t h e  readings of a l l  l i g h t  f i l t e r s  accompanied by an 
increase i n  readings with f i l t e r  UFS-1). 

It would be i n t e r e s t i n g  t o  draw a conclusion as t o  loca l ,  da i ly ,  and /83
l a t i t u d i n a l  f l uc tua t ions  i n  night airglow. The d a i l y  and l a t i t u d i n a l  f luc
tua t ions  are mutually r e l a t ed  i n  observations from t h e  s a t e l l i t e ;  only t h e  
d i f fe rence  i n  geographic and geomagnetic l a t i t u d e s  makes it possible  t o  
d is t inguish  them. The chief d i f f i c u l t y  i n  f luc tua t ion  analysis ,  however, 
i s  the  dependence of t h e  readings on cloudiness. Observations from t h e  
round measure night  airglow plus  luminescence of astronomical o r ig in7s t e l l a r  and zodiacal l i g h t )  ; both types of luminescence a re  somewhat 

reduced because of dispers ion and r e f l e c t i o n  by t h e  atmosphere. The s t a t e  
of t h e  atmosphere has l i t t l e  e f f e c t  on t h e  r e s u l t ,  f o r  measurements a re  
ord inar i ly  made on c l ea r  n ights .  

Observations from space measure night  airglow plus  night airglow and 
luminescenee of atmospheric o r ig in  r e f l ec t ed  from the  atmosphere. Conse
quently, depending on t h e  s t a t e  of t h e  atmosphere, t h e  r e s u l t  may vary by 
a f ac to r  of almost two, being at a minimum i n  cloudless  weather and a t  a 
m a x i m u m  during a complete overcast .  

Albedo of t h e  cloudless t e r r e s t r i a l  atmosphere should be g rea t e s t  i n  
t h e  near u l t r a v i o l e t  i n  t h e  3300 8 region, because ozone absorption here 
i s  r e l a t i v e l y  s m a l l  and Rayleigh sca t t e r ing  i s  la rge .  Therefore, var ia 
t i o n s  i n  cloudiness should provoke t h e  smallest changes i n  readings i n  
t h e  near u l t r a v i o l e t .  This i s  exac t ly  what i s  observed - t h e  UFS-1 
readings a re  t h e  least subject to f luc tua t ion .  

The attempt t o  u t i l i z e  weather da ta  t o  reconstruct  t h e  cloudiness 
p i c tu re  gives l imited r e s u l t s ,  because the re  a re  few weather s t a t i o n s  i n  
the  Pacif ic  and Indian Oceans. Great p o s s i b i l i t i e s  l i e  i n  t h e  dependence 
of infrared spectrophotometer readings on cloudiness:  cloud temp
era ture  i s  lower than t h a t  of t he  Earth 's  surface.  Therefore, in f ra red  
spectrophotometer readings a re  lower over clouds. ,The cor re la t ion  i s  
p a r t i c u l a r l y  c l e a r  i n  t h e  atmospheric transmittance window at 8-12 
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The climatological charts in (Ref. 5) may be used to determine 

average cloudiness in September for different regions. 


Although the actual cloudiness at a specific point at the moment 
of measurement may differ significantly f r o m  the average, the average 
values over sufficiently large territories should be of adequate accuracy. 
Such averaging for mean cloudiness in September gives a result of approx
imately 0.5. 

If we adopt an average cloud albedo of 0.75 regardless of wavelength, 
the average atmospheric albedo is 0.5 for the near ultraviolet and 0.4 for 
radiation in the visible region. The average intensity values given below 
were derived by dividing the result of averaging the curves in Figures 6 
and 7 by unity, plus average atmospheric albedo. The maximum and minimum 
values were obtained by dividing the maximum and minimum readings by unity 
plus cloud albedo or clear atmosphere albedo, respectively. In this con
version the average intensity of the 5577 & line measured by the instru
ment is 250 Rayleigh; maximum I.?tens,ty, 430 Rayleigh; and minimum, 125 
Rayleigh. These figures are in good agreement with the results of terres
trial observations. The 5577 a emission line of the nocturnal sky is 
strongest in the visible regicn.. Therefore, the contribution made by 
light from extraterrestrial s,::rces to intensity measurements of this 
emission is small. Correlation of thta readings from all the other light 
filters with those of the 5577 L filt,.i*indicates that the portion of 
illumination from stars and zodiacal li.ghtis comparatively small in the 
instrument readings for the remaining light filters. In this respect, 
satellite measurements have advantages over ground measurements. Let us 
assume that the contribution made by light of astronomical origin to noc
turnal light is 50% in ground observations; then in measurements from 
space this contribution will be 30% during complete overcast, about 20% 
in average cloudiness, and around 5% in cloudless weather. 

The ratio of colorimeter readings with light filter 39141 to 
those with filter 5577 A was very stable; its maximum deviation was no 

/88 
more than 20% of its average value. The interpretation of these readings 
is not unique; they may be attributed both to 3914 emission (in which 
case its average intensity is 45 Rayleigh) a5d to the pseudo-continuum 
(when its average intensity is 0.2 Rayleigh/A). 

Avergge radiation intensity in the 4000-6000& range (without deducting 
the 5577 A line) was 1200 Rayleigh, with a lowest value of 750 Rayleigh and 
a highest value of 1800 Rayleigh. Thus, the readings with filters 3914 & 
and ZhS-4 are less than might be expected from tehestrial measurements 
(Ref. 6-9). The difference may be principally due tr the large portion of 
luminescence of astronomical origin in observations from the Earth and, in 
part, to measuremental errors. 

Average intensity with light filter UFS-1was 400 Rayleigh - minimum, 
200 Rayleigh; maximum, 500 Rayleigh. The correlation between readings with 
this light filter and those with the other filters is looser, and there are 



cases of co r re l a t ion  breakdown. I n t e n s i t i e s  corrected f o r  atmospheric 
r e f l e c t i o n  would obviously be correlated even more loosely.  

From t h e  congruence of t h e  average UFS-1 f i l t e r  reading with t h e  
r e s u l t s  of ground observations i n  t h e  3200-4000 8 range (Ref. lo-=), 
t h e  inference may be drawn t h a t  r ad ia t ion  of t h e  nocturnal sky i n  t h e  
2500-3200 8 i s  s m a l l  and does not exceed s te l lar  luminescence and zodia
c a l  l i g h t  i n  t h e  3200-4000 region. 

Atmospheric r ad ia t ion  i n  t h e  1700-2500 8 region may be derived from 
t h e  d i f fe rence  between readings from t h e  quartz window and f i l t e rs  ZhS-4 
and UFS-1. This d i f fe rence  is  very s m a l l .  To increase i t s  accuracy, an 
average was taken of t h e  readings from 50 poin ts  where t h e  readings were 
smallest and did not leave t h e  region of e s s e n t i a l  instrumental  nonlin
ea r i ty .  The accuracy of t h e  readings at these  poin ts  w a s  comparatively 
high. I n  addition, t h e  average difference f o r  a l l  other  po in ts  i n  moon
l e s s  regions w a s  calculated.  The r e s u l t  proved t o  be i d e n t i c a l  - i n  t h e  
1700-2500 8 region the re  i s  no rad ia t ion  from t h e  nocturnal sky. The 
average d i f fe rence  w a s  5-10 Rayleigh. To be sure, s ince t h e  transmission 
curves of f i l t e r s  UFS-1 and ZhS-4 a re  not rectangular,  a systematic e r r o r  
could have occurred during subtract ion.  Nevertheless, it i s  very improb
able  t h a t  r ad ia t ion  i n t e n s i t y  of t h e  nocturnal  sky exceeds 30 Rayleigh i n  
t h e  1700-2500 8 region. Thus, t h e  r e s u l t s  of measurements i n  t h e  1.700
2500 and 2500-4000 8 region corroborate t h e  absence of high-energy exc i ta 
t i o n  processes i n  t h e  nocturnal sky. 

The authors deem it t h e i r  pleasant duty t o  express t h e i r  s incere  
gra t i tude  t o  A. K. Men'kov and Ye. N. Gerasimov f o r  developing t h e  opt i 
c a l  mechanical u n i t s  of t h e  instruments, as wel l  as  t o  F. M. Gerasimov 
and I. V. Peysakhson f o r  ass i s tance  i n  solving t h e  bas ic  problems of t h e  
o p t i c a l  system. 
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EIGEN RADIATION OF THE ATMOSPHERE 
( S m a r y )  

T. M. Tarasova 

The luminescence regions of s eve ra l  atmospheric components - /89
hydroxyl, atomic and molecular oxygen, and o ther  emissions (Ref. 1-4) -
were determined by v e r t i c a l  rocket soundings. Data recorded during t h e  
ro t a t ion  of t h e  rocket photometer made it poss ib le  t o  study t h e  lwnines
cence d i s t r i b u t i o n  at l eve l s  above the  c e i l i n g  of t h e  photometer ascent.  
Thus, an analysis  of mater ia l  at t h e  6300 8 l i n e  f o r  a l t i t u d e s  l e s s  than 
200 km ass i s t ed  t h e  author i n  reaching a preliminary conclusion regarding 
t h e  luminescence d i s t r i b u t i o n  of t h e  red oxygen l i n e  up t o  a l t i t u d e s  of 
1000 km (Ref. 5):  Atomic oxygen luminescence was d i s t r ibu ted  over a 
la rge  atmospheric thickness  from 100-1000 km. This a r t i c l e  inves t iga tes  
t h e  behavior of sodium emission from mate r i a l  obtained i n  1960 by means 
of a rocket photometer. The a l t i t u d i n a l  range w a s  65-200km, where t h e  
photometer completed a t o t a l  360' revolut ion (in t h e  v e r t i c a l  plane) i n  
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Dependence on Alt i tude of Emission In t ens i ty  Ratios 
Which a re  Free of Background and Hydroxyl Bands 

1 - 15893/10,; 2 - 15893/I8645;3 - I5577/18645;4 
15893/16300 

Arrows indica te  photometer axis d i rec t ion .  
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addi t ion  t o  i t s  ascent.  

According t o  d a t a  i n  (Ref. 2, 3), sodium luminescence i s  loca l ized  
i n  a l aye r  a t  an a l t i t u d e  of 85 km. The luminescence d i s t r i b u t i o n  of 
hydroxyl, molecular and atomic oxygen (5577 8)has a s t r a t i f i e d  s t ruc tu re .  
It can be seen from t h e  f i g u r e  t h a t  t h e r e  i s  a 
t h e  OH, 0 and 0, emissions: For t h e  5577 and t h e  r a t i o  
i s  a,lmost constant when t h e  r a d i a t i o n  i n t e n s i t y  of each of t h e  emis
s ions  changes 'by a f a c t o r  of 14-25. 

and 1 8 ~ 4 ~ / 1 0 ~The r a t i o s  I /IOH are a l s o  constant, which poin ts  
t o  a s i m i l a r  ~ p a t ? ~ ~ ~ l u m i n e s c e n c ed i s t r i b u t i o n  of 5577, 8645 2 and 
hydroxyl: The r a d i a t i o n  of a l l  t h r e e  emissions i s  concentrated i n  t h e  
form of l aye r s  a t  a l t i t u d e s  of 70-110km. 

According t o  (Ref. 2, 3), sodium rad ia t ion  muEt a l s o  d isp lay  a good /90
s p a t i a l  co r re l a t ion  with these  emissions. 

However, t h e  r a t i o s  15893/IOH, I5893/18645 (s.3e t h e  f igu re )  and 
15893/15577 do not remain constant when t h e  equipmznt ax i s  changes i n  
space, and have a c l e a r l y  expressed a l t i t u d i n a l  dependence. This i nd i 
ca t e s  tha t  sodium luminescence i s  d i s t r i b u t e d  i n  t h e  upper atmosphere 
according t o  a l a w  which d i f f e r s  e s s e n t i a l l y  from the  s t r a t i f i e d  str;.xr
t u r e  of t h e  5577, 8645 5! and hydroxyl emissions. 

There i s  n s p a t i a l  co r re l a t ion  'between t h e  r ad ia t ion  of 6300 x and 
t h e  5577, 8645 i avld OH emissions, which agrees with t h e  d a t a  obtained 
previously (Ref. 5 ) .  

A comparison of sodium and atomic oxygen r ad ia t ions  a t  6300 2 revea ls  
a.n unexpected c lose  s p a t i a l  coryelation: The r a t i o  of t h e  t o t a l  l i g h t  
f luxes  measured with f i l t e r s  with Am = 5893 8 and Amax = 6300 8, j u s t  
l i k e  t h e  i n t e n s i t y  r a t i o  o f  t h e  I 8971(1300 emissions, remains constant 
both i n  t h e  ascending branch of t2e rocket t r a j e c t o r y  ( see  t h e  f igu re )  and 
i n  t h e  descending branch. It can thus  be concluded t h a t  t he  l a w s  govern
ing the  a l t i t u d i n a l  luminescenee d i s t r i b u t i o n  f o r  sodium and atomic oxygen 
(6300 8) a re  t h e  same. 

The discovery of a s i g n i f i c a n t  por t ion  of sodium luminescence (- 30%) 
at high a l t i t u d e s  makes it imperative t h a t  t h e  e x i s t i n g  concepts regarding 
t h e  agent exc i t i ng  sodium atoms be reexamined. 
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STUDY O F  THE ANGULAR RADIATION DISTRIBUTION OF THE EARTH 

AND THE EARCH'S ATMOSPHERE FROM GEOPHYSICAL ROCKETS AND BALLOONS 


M. N. Markov, Ya. I. Merson, M. R. Shamilev 

Computations of t h e  f i e l d  of i n f r a red  r ad ia t ion  leaving t h e  Earth 
coincide only approximately with r e a l i t y ,  and the re fo re  it i s  very impor
t a n t  to obta in  experimental data .  

Beginning i n  1958, w e  performed systematic s tud ie s  of t h e  inf ra red  
r ad ia t ion  of t h e  p lane t .  For t h i s  purpose, rocket  and ba,lloon equipment 
w a s  constructed,  and t h e  angular r ad ia t ion  d i s t r i b u t i o n  of t h e  Earth was 
measured i n  the  0.8-40 micron s p e c t r a l  region i n  rockets  from a l t i t u d e s  
of loo-500 km, and simultaneously from geophysical bal loons from a l t i t u d e s  
of up to 30 km. 

During t h e  experiments, t h e  scanning apparatus w a s  or iented i n  space 
along t h r e e  axes with respect  t o  t h e  Earth, which w a s  necessary i n  order  
t o  obtain t h e  angular d i s t r i b u t i o n .  

Following are t h e  main parameters of t h e  apparatus:  Scanning angle 
2 n; angular resolving power 2.10e3rad; s e n s i t i v i t y  threshold -lO-'w. 

The readings were recorded by independent systems and telemetry.  

..- .. . . - -- Lsl. 
I 

Computational Data Experiment, w/m2 
Cloudiness 

-

Conditions Simpson Ko&ratTyev 
and 
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The rockets  and balloons were launched during d i f f e r e n t  times of t h e  
year,  d i f f e r e n t  t i m e s  of t h e  day, and under d i f f e r e n t  geographical condi
t i o n s  within t h e  Soviet  Union. Therewere about 50 equipment launchings 
i n  a l l .  Figure 1 shows t h e  manner i n  which t h e  experiment was performed. 
The r e s u l t s  obta,ined up t o  t h e  present  time enable u s  t o  compile t h e  
proper t ies  of t h e  r ad la t ing  Earth-atmosphere system. 
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Figure 1 

Schematic Drawing of Experiment 

1. Exist ing methods of computing the  mean magnitude of ra.diation 
leaving t h e  E a r t h  ( r ad ia t ion  a t  t h e  zeni th)  enable us  t o  determine t h i s  
magnitude w i t h  su f f i c i en t  accuracy. The t a b l e  presents  t h e  r e s u l t s  
derived from ca lcu la t ing  t h e  outgoing r ad ia t ion  ak t h e  zeni th  as w e l l  
as t h e  magnitudes of t h i s  radia,t ion obta,ined experimentally. 

It can be seen from t h e  t a b l e  t h a t  t he  d i f fe rence  between the  com
puted and measured values  of outgoing r ad ia t ion  corresponds t o  t h e  
d i f fe rence  between t h e  weather conditions during the experiment and 
the  weather conditionsassumed f o r  t h e  computations. 

2 .  The contr ibut ion made by atmospheric r ad ia t ion  t o  the outgoing 
thermal f l u x  i s  considerably g rea t e r  than would be assumed on the  basis 
of ex i s t ing  concepts ( p a r t i c u l a r l y  f o r  large thicknesses corresponding 
t o  a. la.rge zeni th  angle) .  This leads t o  the  f a c t  t h a t  t h e  e f f ec t ive  
a l t i t u d e  of t h e  emissive atmosphere i s  150 km. 

The a l t i t u d i n a l  r ad ia t ion  d i s t r i b u t i o n  of t h e  a,tmosphere i s  s t ra t i 
f i e d  i n  nature  ( c l e a r l y  expressed at  least a t  a l t i t u d e s  g rea t e r  than 150 km). 
I n  paz t icu lar ,  a, r ad ia t ion  i n t e n s i t y  increase pr imari ly  i n  t h e  2.5-8 micron 
s p e c t r a l  region i s  observed.a,t a l t i t u d e s  of a.bout 280, 430 and 500 km. 

3. Small-scale nonuniformities are not present on t h e  curve f o r  t he  
angular r ad ia t ion  d i s t r i b u t i o n  of t h e  Earth. The nonuniformities .& 
recorded i n  one experiment are s m a l l ,  and are on a sca le  of about 100
200 km. There i s  a co r re l a t ion  between t h e  change i n  r ad ia t ion  i n t e n s i t y  
and t h e  change i n  t h e  weather conditions i n  t h e  corresponding regions of 
t h e  Eaxth' s a.tmosphere. 
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Figure 2 

Angu1a.r Dis t r ibu t ion  of Inf ra red  Radiation 
From an Al t i tude  of 500 km 

Figure 2 presents  a typica.1 curve f o r  t h e  angular r ad ia t ion  d i s t r i 
but ion of t h e  Earth recorded from an a l t i t u d e  of - 500 km f o r  an equip
ment resolving power of 2.10-3rad, which was indicated a.bove. 

Angular Radiation Dis t r ibu t ion  of t h e  Earth 
From an Al t i tuce  of 30 km 

Figure 3, compiled from da ta  obtained with a balloon, shows t h a t  
t h e  c h a r a c t e r i s t i c  angular dimension of a nonuniformity i s  0.5 rad,  
which corresponds t o  200 km on the  Ea r th ' s  surface.  Figure 4 gives 
a sec t ion  of t h e  Ea,rth's surface with an ind ica t ion  of t h e  weather con
d i t i o n s  during t h e  experiment, f o r  which t h i s  angu1a.r d i s t r i b u t i o n  wa,s 
obtained. The same numbers i n  Figures 3 and 4 designa,te the  corres
ponding poin ts  of t h e  angular r ad ia t ion  d i s t r i b u t i o n  curve on t h e  
surface of t h e  Earth. A comparison of t hese  two f igu res  revea ls  a 
connection between the  weather condi t ions and r ad ia t ion  in t ens i ty .  I n  
t h e  cloudiness zone ( region between poin ts  76 and 77), t h e  i n t e n s i t y  
i s  lower than  i n  t h e  non-cloudy region (po in t  79). 

4. The d a i l y  va r i a t ions  i n  t h e  angular r ad ia t ion  d i s t r i b u t i o n  
curve of t he  Earth are a l s o  in s ign i f i can t .  

The measurement of r ad ia t ion  i n t e n s i t y  a t  a d i f f e r e n t  t i m e  of da,y 
only s l i g h t l y  increases  those i n t e n s i t y  changes which are recorded 
during one experiment, and i s  due t o  a change i n  the  wea,ther conditions 
i n  d i f f e ren t  regions of t he  Ea,rth's surface.  

S igni f icant  changes i n  t h e  climato-geographic cond.iti.ons lead 
t o  a more s ign i f i can t  change i n  t h e  recorded r ad ia t ion  in t ens i ty ,  jus t  
l i k e  t h e  seasonal i n t e n s i t y  var ia t ions .  
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Figure 4 

Weather Conditions During the  Experiment 

Dashed l i n e  - boundary of t h e  multi-layered cloudiness 
zone, c l a s s  10-l2;Solid l i n e  with shading - boundary 
of fine-la,yered cloudiness grea te r  than c l a s s  1. 

Figure 5 

Seasonal Variations i n  Angular Radiation 
Dis t r ibu t ion  of t h e  Earth 

1 - Summer (daytime); 2 - Winter (daytime) 

Figure 5 presents  angular d i s t r i b u t i o n  curves obtained from a l t i 
tudes of -30  km during a d i f f e r e n t  time of t he  year.  

The dependence of r ad ia t ion  in t ens i ty  on a s ign i f i can t  change i n  
the  climato-geographicaJ conditions i s  i l l u s t r a t e d  i n  Figure 6. The 
d i f f e r e n t  sect ions of these  curves, recorded from a l t i t u d e s  of 300-500 lon, 



Figure 6 

Dependence of Ra,diation I n t e n s i t y  on Geographic 
Posi t ion of Region Being Studied 

a1, a' - Mean squa,re deviakion of t h e  leve l .  

perta,in t o  a north-west d i r ec t ion  (1) i n  one sect ion,  and t o  a south
east d i r ec t ion  (2) i n  another sect ion.  

ANGIJLAR AND SPECTRAL FiADIATION DISTRIBUTION 
O F  THE ElARTH I N  THE INFRARED SPECTRAL m G I O N  

P. A.  Bazhulin, A.  V. Kartashev, 
M. N. Markov 

1. The problem of the  spec t r a l  d i s t r i b u t i o n  of radiakion 1ea.ving /94
t h e  Earth has been repeatedly discussed i n  t h e  l i t e r a t u r e .  I t s  impor
tance l i e s  not only i n  the  f a c t  t h a t  t h e  inf ra red  radiakion spectrum of 
t h e  Ea,rth i s  necessary i n  order t o  compute t h e  energy balance of t he  planet ,  
but a l s o  i n  t h e  f a c t  t h a t  t h i s  spectrum can be used d i r e c t l y  t o  solve sever
a l  appl ied problems: Determination of t h e  molecular atmospheric conipo
s i t i o n  a t  d i f f e ren t  a l t i t u d e s ,  determination of tempera.ture with respect  
t o  atmospheric a l t i t u d e ,  e t c .  The computationa.1 methods f o r  obtaining 
t h e  infrared r ad ia t ion  spectrum of the  Earth are pr imar i ly  based on 
spec i f ic  models of t h e  emissive atmosphere. These models are only su i t ab le  
f o r  comparatively s m a l l  o p t i c a l  thicknesses  of t h e  atmosphere, s ince only 
i n  t h i s  case can the  absorption funct ions determined by laboratory methods 
be employed. In  pa r t i cu la r ,  we may point  out computations ca r r i ed  out i n  
(Ref .  1) f o r  a model assuming an approximately 30-kilometer la.yer of t h e  
emissive atmosphere. 

The inf ra red  r ad ia t ion  spectrum of t h e  Earth was f irst  obtained from 
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t h e  or iented sa te l l i t e  of t h e  United S ta t e s  A i r  Force on September 21,1962, 
wi th  a reso lu t ion  of 0.4-0.5 microns i n  t h e  1.8-1.5 micron region a t  
the  nadi r  ( R e f .  2 ) .  The simultaneous determination of s p e c t r a l  and angu
lar d i s t r i b u t i o n  i s  of g rea t e r  i n t e r e s t ,  however. When t h e  angular d i s 
t r i b u t i o n  i s  recorded, t h e  contr ibut ion of t h e  upper atmosphere can be 
qui te  s ign i f i can t  when t h e  s igh t ing  angles of t he  system devia te  from t h e  
nadir ,  which cont r ibu tes  t o  t h e  appeaxance of upper atmospheric charac
t e r i s t i c s  i n  t h e  in f r a red  r ad ia t ion  spectrum of t h e  Earth. 

Consequently, such an experiment makes it possible ,  on t h e  one hand, 
t o  obtain t h e  c h a r a c t e r i s t i c s  of t h e  r ad ia t ing  Earth which cannot gener
a l l y  be computed, and, on t h e  o ther  hand, t o  obtain more information on 
t h e  proper t ies  of t h e  upper atmosphere. 

2. We made a simultaneous experimental J.etermination of t h e  angular 
and s p e c t r a l  d i s t r i b u t i o n s  i n  t h e  4-38 micron s p e c t r a l  region i n  t h e  
f n/2 angular region from t h e  nad i r  during t h e  launchings of or iented 
geophysical rockets  of t h e  USSR Aca.demy of Sciences, a t  mean l a t i t u d e s  
i n  the  Soviet Union a t  an a l t i t u d e  of up t o  500 km on October 18, 1962, 
and June 6 and 18, 1963. The manner i n  which the  experiment w a s  con
ducted i s  shown i n  Figure 1. An apparatus, containing a device f o r  
s igh t ing  i n  d i f fe rc i i t  t l i rect ions i n  t h e  plane passing through t h e  rocket  
a x i s  perpendicularly t o  the  Ear th ' s  surface,  scanned t h e  narrow-angle 
o p t i c a l  system within t h e  t o t a l  angle during the  ascent and descent of 
t he  rocket .  

It i s  i n t e r e s t i n g  t o  es t imate  the  r equ i s i t e  s e n s i t i v i t y  of t h e  
apparatus designed t o  record t h e  angular and s p e c t r a l  d i s t r i b u t i o n s  
simultaneously. The t i m e  required t o  record t h e  t o t a l  scamning angle 
i s  connected with t h e  rocket v e l o c i t i e s  i n  space, and a.lso with t h e  
number of angular and s p e c t r a l  elements 1-esolved as we l l  a.s with t h e  
i n e r t i a  of t he  r ad ia t ion  rece iver .  If a bolometer with a constant time 
of 5 msec is used a s  t he  radia.tion receiver ,  t h e  t i m e  required t o  record 
one resolved element is  about tcl -= 10 mscc; consequently, t h e  system 
pass  band must be - 100 cps.  For an angular resolving power of 2.10-3rad 
and a mean observat ional  a l t i t u d e  of 300 km, the  minimum resolving l i n e a r  
dimension on t h e  surface of t h e  Earth w i l l  be 0.6 km ( the  minimum s i z e  of 
meteorological nonuniformities on t h i s  order  i s  of i n t e r e s t ) .  The mean 
s p e c t r a l  dens i ty  of radia.tion reaching t h e  receiver ,  with a l ens  diameter 
of - 40 mm and a,n emit ter  temperature of 250°K, ,is about lO-'w.micron -1 . 
For a resolving power of 1micron, t h i s  produces a s igna l  equal l ing  t h e  
mean square value of noise  a t  t h e  rece iver  having a threshold s e n s i t i v i t y  
of 10-gw-cps-l. Such a s i g n a l  w i l l  only exceed t h e  peak noise value by /95
a f a c t o r  of 2-3,  f o r  a rece iver  ha.\ine; a threshold of even 10 %.cps-l .  
I n  order t o  record r ad ia t ion  from the  lower hemisphere with an angular 
resolving power of 2.10-'rad, t h e  t i m e  required t o  record 1800 w l a r  reso
l u t i o n  elements i s  18 seconds (tel=10-2 see ) .  If t e n  s p e c t r a l  sec t ions  are 
recorded i n  each angular element, t he  t o t a l  recording t i m e  i s  180 seconds, 
or t h r e e  scanning cycles  can be performed during t h e  f l i g h t  time of t h e  
rocket (a.bout 600 seconds). These rough estimates do not include loss 
during r ad ia t ion  monochromatization, and t h i s  decreases t h e  e f f e c t i v e  



Figure 1 

Schematic Drawing of Experiment 

s igna l  by a f a c t o r  of 2-3. 

I n  t h i s  a r t i c l e ,  t h e  f l u x  increase was achieved by two methods: by 
increasing t h e  angular dimensions of t he  f i e l d  of v i s ion  i n  a d i r ec t ion  
perpendicular t o  the  scanning plane (by using a s l i t - l i k e  diaphragm with 
a s ide  r a t i o  of l:lO,l:3O), by extending the  s p e c t r a l  sect ions t o  be 
recorded up t o  severa l  microns, and by employing the  high-transmission 
methods of s p e c t r a l  reso lu t ion  by means of modulating f i l t e r s .  Naturally, 
t h e  f irst  operation makes the  s p a t i a l  reso lu t ion  poorer along one coordi
nate;  however, a compara,tively high, ove r -a l l  s p a t i a l  resolving power i s  
re ta ined  (a - 10-4rad3. A reasonable se l ec t ion  of s p e c t r a l  sect ions 
makes it poss ib le  t o  compensate f o r  t h e  de t e r io ra t ion  i n  t h e  spec t r a l  
reso lu t ion  t o  a c e r t a i n  ex ten t .  

Figure 2 shows the  infrared spectrum of atmospheric transmission /96
when s ight ing i s  performed from the  Ea,rth's surface a t  the  zenith;  t he  
absorption spectra of approximately equivalent thicknesses of t he  main 
absorbing atmospheric gases H20, C02 and 0, a r e  given a l so .  A s  can be 
seen, t he  s t ruc tu re  of the  inf ra red  atmospheric spectrum (A > 4 micron) 
can be pr imari ly  character ized by comparatively wide regions of re lakive 
transmittance and absorption: 4-5 microns - CO, absorption; 5-8 microns 
- absorption of &O vapdrs; 8-13 microns - t h e  t ransparent  sec t ion  (9.5

10 microns - 0, absorption band); and, f i n a l l y ,  f o r  

of CO, and H20 vapors. Thus, almost a l l  of the  characte'k.istic sect ions 


> l 3 p  strong absorption 

of t he  inf ra red  spectrum a r e  severa l  microns wide. 

3. It i s  most advantageous t o  perform s p e c t r a l  measurements under 
s imi la r  conditions by means of a f i l t e r  system. The only infrared f i l t e r  
which has high transmission (up t o  90%) and a passband which va r i e s  within 
wide l i m i t s  i s  the  modulation f i l t e r  with transmission i n  t h e  absorption 
band region of t h e  mater ia l  used as the  r ad ia t ion  modulator. I n  order t o  
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A. microns 

Figure 2 

Inf ra red  Spectrum of Atmospheric Absorption 
and Transmission of Spectrometer Channels 

ob ta in  the  spectra.1 d i s t r i b u t i o n  i n  t h i s  case, a method of modulation 
spectrometry wa..? developed, which u t i l i z e s  materials having a d i f f e r e n t  
loca t ion  of t h e  absorption band edge a s  t h e  modulators. In  pa r t i cu la r ,  
certa, in alka.li-hasloid crysta.11ine pla.tes were employed. 

The method i s  a s  follows. One absorbing c r y s t a l  ( t he  customary 
type)  i s  replaced by n c r y s t a l s  i n  t h e  radiahion modula,tor (where n i s  
t h e  number of s p e c t r a l  i n t e r v a l s  which can be dis t inguished d i r e c t l y ) .  
The se lec t iveampl i f ie r  i s  replaced by a wide-band ampl i f ie r  with a pass-
band which i s  adequate f o r  t ransmi t t ing  impulses from each modulating 
c r y s t a l .  The e n t i r e  s p e c t r a l  region t o  be s tudied can be divided i n t o  
n in t e rva l s ,  which are recorded consecutively i n  t i m e  by means of one 
optica.1 and receiving-amplifying system. If t h e  in t e rva l s  which are 
dis t inguished a r c  f a i r l y  wide (as i n  our case),  t h e  abr-.Grbingmodulating 
c r y s t a l s  are made of d i f f e r e n t  materials. When the  in t e rva l s  do not 
d i f f e r  grea t ly ,  one ma te r i a l  having a d i f f e r e n t  thickness  may be employed 
( f o r  exa,mple, when t h e  th ickness  of a p l a t e  ma,de of l i thium f luo r ide  i s  
changed from 0 . 1 t o  10 m, t h e  absorption band edge changes from 1 1 t o  6 
microns [Ref. 31). 

It i s  interc>st ing t o  note t h a t  i n  t he  l imi t ing  case t h i s  method 
changes in to  a s p e c t r a l  a,na.lysis method f o r  absorption change, which was 
r ecen t ly  employed i n  t h e  X-ray s p e c t r a l  region ( R e f .  4) ( t he  only d i f f e r 
ence being t h a t  i n  our method t h e  sharp band edge and d i s c r e t e  readings 
a r e  employed). The advantage of t h i s  method, as compared with t h e  
customary d ispers ion  method (prism, l a t t i c e )  l i e s  i n  t h e  high tra,nsmission, 
which i s  c h a r a c t e r i s t i c  of systems with a x i a l  symmetry, and a l s o  i n  t h e  
r a t h e r  l a rge  f l u x  of radia.t ion inf luencing t h e  r ad ia t ion  rece iver  of t h e  
measurement device.  When t h e  recording i s  processed under laboratory con
d i t i o n s ,  ind iv idua l  spectra.: i n t e rva l s  a r e  obtained a s  d i f f e r e n t  q u a n t i t i e s  
of two consecutive ( o r  any, i n  general)  s igna ls  f r o m  t h e  modulating c r y s t a l s .  
This  i s  more suita.ble with respec t  t o  t h e  s ignal /noise  r a t i o  when informa
t i o n  i s  t ransmit ted by telemetry,  although it does impose g rea t  r e s t r i c t i o n s  
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Figure 3 


Block Diagram of Impulse, Infrared Rocket Spectrometer 

for Recording Angular Radiation Distribution 


1 - scanning mirror; 2 - bolometer; 3 - modulator;
4 - sealing window; 5 - slit diaphragm; 6 - inner tube;
7 - spherical mirror 1; 8 - spherical mirror 2. 

on the linearity of the transmittal and reproduction system, It is inter

esting to note that the number of spectral intervals which can be distin

guished increases rapidly when the number of modulating crystals increases. 

Thus, for example, two crystals make it possible to distinguish three 

spectral intervals, 3-6,4-10,5-15, when two impulses are transmitted, 

and n crystals make it possible to distinguish n(n+1)/2 spectral intervals. 

The rate at which modulating crystals are exchanged is connected with the 

rate at which the flux changes at the system input. In particular, in 

our case this change occurred approximately during the.timewhen the 

sighting direction changed by the minimum resolving angle (2~10-~rad). 


4. Figure 3 shows a block diagram of the impulse infrared spectro- /98
meter for recording the angular distribution in different infrared spectra 
intervals. The flat scanning mirror rotates by an angle of n / 2 ,  
scanning the total angle -rr. A spherical Cassegrain lens (effective diameter 
33 mm, focusing distance 200 mm) concentrates the radiation onto a low-
inertia bolometer. The bolometer has a sensitive area of 0.3 x 9 mm2, 
resistance of 1000 ohms, and a conversion factor of up to 40 v-w-l for a 
constant time of 5-7msec. Thus, the bolometer has the detecting capacity 
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Figure 4 

Transmission of Spectrometer Channels 

D* a t  a modulation frequency of 30-40 cps l.5-109. The r ad ia t ion  bundle 
i s  in te rsec ted  by t h e  p l a t e s  of t h e  r o t a t i n g  modulator. Four p l a t e s  are 
employed: A quartz  p l a t e  which i s  1m thick ,  a l i th ium f luo r ide  p l a t e  
and a f l u o r i t e  p l a t e  0.7 mm th ick ,  and a l s o  a. meta.llic p l a t e  which i s  
genera.lly opaque. The pla.tes a r e  d i s t r ibu ted  asymmetrically, i n  order t o  
encode the  s i g n a l  pos i t i on  from t h e  ind iv idua l  c r y s t a l s  on t h e  time sca le .  
The sir;na.ls from the  bolometer are amplified by t h e  wide-band impulse 
a.mplifier (passband 0.5-200 cps, amplif icat ion f a c t o r  g rea t e r  than  lo5), 
and arc t ransmit ted t o  t h e  Earth by telemetry.  The modulator performs 
about 7 revolut ions pe r  second, and t h e  scanning mirror  requires  about 
100 seconds t o  examine t h e  angle n. 

Figure 4 gives  t h e  transmission of individua.1 channels i n  accordance 
with t h e  t ransmit tance of t h e  p l a t e s  employed. The transmission of d i f 
fe ren t  s p e c t r a l  i n t e r v a l s  i s  shown here.  The manner i n  which these  i n t e r 
vals a re  connected with t h e  atmospheric absorpt ion spectrum can be seen 
from Figure 2. It should be noted t h a t  t h e  long-wave transmission bound
a r y  of t h e  main channels i s  determined. by t h e  t ransmit tance of the bolometer 
window ( the  p l a t e  made of potassium bromide, 1mm th i ck ) .  Figure 5 presents  
t h e  real  c h a r a c t e r i s t i c s  of t h e  spectrometer angular  reso lv ing  power i n  t h e  
s igh t ing  d i r ec t ion .  A s  can be seen, i t s  half-width i s  3-10e3rad, which i s  
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Figure 5 

Charac t e r i s t i c s  of Spectrometer Angular Resolving 
Power i n  t h e  Scanning Plane 

somewhat inTerior  due t o  t h e  aber ra t ion  of t h e  geometric resolving power. 
Figure 6 shows t h e  general  form of t h e  spectrometer. 

All poin ts  on t h e  equipment where t h e r e  are r ap id ly  moving elements 
are pressurized (constant current  motor, reducer) ; t h e  sha f t  f o r  d r iv ing  
t h e  slowly moving scanning mirror  i s  brought out through a rubber gasket.  
The window f o r  t h e  r ad ia t ion  bundle entrance i s  made of a KRS-5 c r y s t a l .  
The spectrometer w a s  c a l ib ra t ed  with respec t  t o  t h e  emi t te r  with tempera
tures  from 350-77OK. Thus, t h e  sens i t iv i ty  threshold under laboratory 
condi t ions f o r  t h e  4.5-38 micron changzl ( e f f e c t i v e  l e n s  diameter 
Defy 33 mm, a = rad") was 2-10 -w-cm-2 f o r  t h e  object  of rad ia t ion ,  
while it increased up t o  1.5.10-3w*cm-2 during f l i g h t s ,  due t o  a d i f f e r e n t  
type of add i t iona l  in te r fe rence  (telemetry,  e t c  .) - This  comprises effec
t i v e  temperatures of 0.36 and 2.T°K, respec t ive ly .  

I n  cont ras t  t o  several devices employed previously f o r  recording 
in f r a red  r ad ia t ion  of t he  Earth from geophysical rockets  of t h e  USSR 
Academy of Sciences ( R e f .  5 ) ,  i n  our case t h e  d i f f e r e n t i a l  method of 
recording was not  employed, when t h e  Earth-space l e v e l  was continuously 
recorded. The quant i ty  t o  be measured here  w a s  t h e  d i f fe rence  between 
t h e  fluxes of t h e  Earth - modulator rad ia t ion .  However, t he  modulator /99 
temperature, and the re fo re  t h e  r ad ia t ion  f lux ,  are undetermined, con t ro l  
cannot be affectuaked with s u f f i c k  n t  accuracy, and t h e  flux can vary 
by a f a c t o r  of approximately 3 f o r  t h e  possible  temperature va r i a t ions  of 
t h e  equipment wi th in  233-313"K. It i s  t r u e  thak a,llowance can best  be  
made f o r  t he  l a t te r  f a c t  by expanding t h e  l i n e a r  s ca l e  region. The e r ro r ,  
caused .by inde f in i t e  modulator tempe'rature, can be eliminated, and a,lso 
allowance can be made f o r  pa ras i t e  window radia t ion ,  e t c .  i n  t h e  scanning 
equipment by supplying a reference f l u x  t o  the  output one or more t i m e s  
during t h e  scanning cycle.  I n  pa r t i cu la r ,  i n  t h i s  case r ad ia t ion  from 
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Figure 6 


General View of the Spectrometer 


space which is recorded in a direction close to the horizontal (in flights 
where ionosphere radiation was observed, the reference flux was recorded 
at an angle of n / 4  to the zenith) represents such a flux. When the re
sults are processed, it is assumed that this radiation equals zero. Radia

tion from space reaches the input of an impulse spectrometer twice during 

one scanning cycle. 


Consequently, the reference signal impulses are separated by a time 

interval of' about 1 minute, which is sufficient to keep the zero level 

practically constant, due to the thermal inertia of the equipment (particu

larly the modulator). 


However, a signal change at the spectrometer output is not only possi

ble due to modulator temperature variations, but also due to fluctuations 

in the sensitivity of the receiver-amplifier system. In order to calibrate 

this system, a signal from a reference incandescent lamp periodically 

reaches its input. The level of this signal exceeds the modulator radia

tion level by one order of magnitude, and therefore it has practically 

no influence upon the resulting flux magnitude. The signal is supplied 

from the reference lamp at the moment when the scanning mirror is in a 

horizontal position (blind spot), and the amplifier sensitivity is de

creased by a factor of 10 by the calibrated attenuator, in order that the 

reference signal amplitude at the output corresponds to the operational 
1100 

signal scale. 


5. The experiments were conducted under the following conditions. 
The position of the scanning plane with respect to the points of the 
compass was: In the experiment on October 18, 1962 - the E-N-E-W-S-W 
direction; on June 6, 1963 - in the E-W direction; on June 18, 1963 -



Figure Ti 

Angular D i s t r ibu t ion  of Inf ra red  Ter res t r ia l  Radi
a t i o n  i n  Three Sections of t h e  Spectrum;

12.5-38 microns (k. l), 8.5-38 microns (k.  2),  and 4-5-38 
microns (k. 3 ) .  

i n  t h e  N-S d i r ec t ion .  I n  t h e  1962 experiment, which w a s  conducted c lose  
t o  t h e  middle of t h e  day, t h e  condi t ions unZer which t h e  Ear th’s  surface 
w a s  illumina.ted by t h e  Sundid not d i f f e r  s i g n i f i c a n t l y  over a l l  of t h e  
scanning d i r ec t ion .  I n  t h e  experiment on June 6, 1963, which w a s  c a r r i ed  
out a t  dawn, t h e  eas t e rn  por t ion  of t h e  rou te  was il luminated by the  Sun 
( zen i th  angle of n/3), while t h e  atmospheric layer  a t  an a l t i t u d e  of 
about 100 km t o  t h e  w e s t  was i n  the  shade. 

It must be iioted t h a t  t h e  experiment on. October 18, 1962, employed 
a modulator with t h r e e  c r y s t a l s  ( t he  0.6-38 micron s p e c t r a l  i n t e r v a l  was 
missing),  i n  t he  experiment on June 6, 1963, a fou r th  f i l t e r  separated 
t h e  2.5-38 micron s p e c t r a l  interval (g l a s s  p l a t e ) ,  and i n  the  experiment 
on June 18, 1963, t h e  scanning route  passed along regions i n  which t h e  
Sun w a s  located very c lose  t o  the  horizon. Thus, t he re  was p r a c t i c a l l y  
no information on r e f l ec t ed  s o l a r  r ad ia t ion  i n  a l l  t he  experiments 
performed. 

6. New scanning cycles  from d i f f e r e n t  a l t i t u d e s  and f o r  d i f f e r e n t  
weather condi t ions were obtained i n  t h r e e  f l i g h t s .  Figure 7 shows two 
such cycles  per ta in ing  t o  t h e  f l i g h t  on June 6, 1963. The angular d i s 
t r i b u t i o n  curves f o r  t h r e e  channels are given here - No. 3, 2 and 1 
(4.5-38, 8.5-38 and 12-5-38 microns). The curves p e r t a i n  t o  2. f l i g h t  
t i m e  toward t h e  t r a j e c t o r y  apex, so t h a t  t h e  a l t i t u d e  d id  not change s ig 
n i f i c a n t l y  during the  scanning process.  The m e a n  a . l t i tude from which t h e  
upper curve w a s  obtained was about 400 km; t h e  lower a l t i t u d e  - about 
500 km. The energythreshold  of t h e  flux w a s  3-4%. Thus, t he  e r r o r  of 
t h e  ‘d i f f e ren t  3-2 (4.5-8-5 micron) and 2 -1  (8.5-12.5 micron ) channels 
w a s  about 40%. W e  must note thak the  curves obtained i n  the  angle lO-”rad 
were averaged i n  order  t o  increase the  accuracy. 
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T e f f  K 
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Dependence of ESraitter Temperature on Flux Magnitude 
For Four Spectrometer Channels: For t h e  Two Main 

Channels (1and 3) and Two Different Channels; 4.5
8.5 Microns (3-2), 805-12.5Microns (2-1). 

The experimental angular  d i s t r i b u t i o n  curves a r e  represented on the  
sca l e  of t h e  f luxes (w-m- ' ) .  However, they were processed f o r  t he  analy
s i s ,  i n  order  t o  determine t h e  e f f ec t ive  temperatures and the spec t r a l  
r ad ia t ion  densi ty .  I n  t h i s  case, averaging w a s  performed with respect t o  
t h e  angle 0.1 rad, and therefore  t h e  measurement e r r o r s  i n  the  d i f f e r e n t  
channels decreased t o  10-15%. The e f f ec t ive  temperatures were determined 
as a funct ion of t h e  f lux i n  the  corresponding s p e c t r a l  i n t e rva l ,  obtained 
by graphic in t eg ra t ion  of t h e  product of t h e  f i l t e r  transmission curve 
and t h e  Planck curve (Figure 8).  The s p e c t r a l  r ad ia t ion  in t ens i ty  dens i ty

/101 
w a s  determined f o r  certa. in s igh t ing  d i r ec t ions  as the  r a t i o  of the  in t ens i 
t y  i n  a given spectra,l  i n t e r v a l  t o  i t s  width. Figure 3 shows t h e  r ad ia t ion  
i n t e n s i t y  d i s t r i b u t i o n  with respect  t o  th ree  s p e c t r a l  i n t e rva l s  f o r  two 
s ight ing  di-rect ions - 0.5 and 1.2 rad from the nadi r  t o  the  east and t h e  
west ( the  f l i g h t  on June 6, 1963) and the  north ( the  f l i g h t  on June 18? 
1963) -

Table 1 l i s t s  the  f luxes  and e f f ec t ive  temperatures f o r  a s ight ing 
d i r ec t ion  of about 0.6 ra.d from t h e  nadir .  

TABLF 1 

East West North Average 
.- -Cha,nne1 

Q, Q, Q? 
w T,'K w - m  -2 T,'K w -m-2 T, OK 

- . .  

270 261 232 264 254 258 
190 272 170 272 178 266 

32 243 24 250 31 241 

48 280 38 282 44.5 276 
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Figure 9 

Spec t ra l  Dis t r ibu t ion  of Infrared T e r r e s t r i a l  Radiation 
Based on F l igh t s  on June 6 and 18, 1963, f o r  Two Sight-
Directions:  0.6 and 1.2 rad From t h e  Nadir. 

7. The r e s u l t s  obtained can be examined from seve ra l  po in ts  of / lo2 
view. 

(a) Primarily with respect  t o  t h e  general  form of t h e  angular d i s 
t r i b u t i o n  curves. I n  wide in t e rva l s  of t he  in f r a red  spectrum the  genera.1 
form of the  angular d i s t r i b u t i o n  curves corresponds t o  r ad ia t ion  from a 
comparatively i so t rop ic  object .  Deviations from iso t ropy  at t h e  p l ane t ' s  
edge during observations from an a l t i t u d e  of 400-500 k m  a r e  less than 
during observations from an a,l t i tude of 25-30 km (Ref. 6 ) .  The s t ruc tu re  
of t he  rad ia t ion  f i e l d  i s  such t h a t  t he  contr ibut ion made by small-scale 
f luc tua t ions  (- 2*10-2rad) i s  s m a l l .  I n  s ing le  measurements, p r a c t i c a l l y  
no differences i n  thermal rad ia t ion  i n t e n s i t y  were detected under daytime 
and night time conditions (see, f o r  example, Figure 8 - west and e a s t ) .  I n  
t h e  narrower s p e c t r a l  i n t e rva l s  corresponding t o  atmospheric conditions 
(4.5-8.5 -H20vapors; 8.5 -12.5 - "transmittance window"), t h e  i n t e n s i t y  f luc  
t ua t ions  a r e  much grea te r  (up t o  70%). We must point  out t he  s l i g h t  
dependence of t h e  general  form f o r  t h e  angular d i s t r i b u t i o n  curves on t h e  
observational a l t i t u d e  between 200-500 km a l t i t u d e .  

(b) An examination of t he  spec t r a l  d i s t r ibu t ion ,  and a l s o  t h e  
e f f ec t ive  temperatures determined according t o  the  f luxes  i n  d i f f e r e n t  
s p e c t r a l  i n t e rva l s ,  shows t h a t  i n  the  majori ty  of cases t h e  rad ia t ion  maxi
mum i s  located i n  t h e  4.5-8.5 micron s p e c t r a l  region, and t h e  e f f ec t ive  
temperatures f o r  t h i s  s p e c t r a l  region a re  higher than f o r  o ther  regions 
(including those f o r  t h e  transmittancy window), reaching 270-280°K. It 
should be noted t h a t  during a l l  of t he  experiments performed i n  the  exten
s ive  t e r r i t o r y  encompassed by the  scanning route  t h e  cloudiness var ied from 
c la s s  1-2 t o  c l a s s  7-8, with a lower boundary a l t i t u d e  of 1-7km. Thus, 
(with allowance f o r  t h e  s igh t ing  angle) t h e  comparatively low e f fec t ive  
temperature i n  t h e  transmittance window (240°K) can be r ead i ly  explained. 
Thus, for example, t h e  mean meteorological conditions,  character ized by 

136 




-- 

--- 

-- 
-- 
-- 
-- 

data  given i n  Table 1, can be described by the  following parameters, whose 
a l t i t u d i n a l  d i s t r ibu t ions  a re  given i n  Table 2 (pressure p, temperature T, 
and humidity 9). 

It i s  i n t e r e s t i n g  t o  compare t h e  e f fec t ive  temperatures (average), 
determined by t h e  i n t e n s i t i e s  i n  individual  spec t r a l  in te rva ls ,  with t h e  
atmospheric temperatures a t  d i f f e r e n t  a l t i t udes .  It can be seen from 
Tables 1and 2 t h a t  f o r  i n t e g r a l  rad ia t ion  t h e  a l t i t u d e  at which the  
e f f ec t ive  temperature i s  close t o  t h e  ac tua l  temperature i s  about 6 km 
(p 500 mbar) ;  f o r  r ad ia t ion  i n  t h e  "transmittance window" of 8.5-12-5 
microns, it i s  7-8km (p = 400 m b a r ) ;  and i n  t h e  4.5-8.5 micron range, 
it i s  2 km (p 800 m b a r ) .  

TABLE 2 

~ 
. - __ . .-. . . . . .*-- . - -__ - -. -. 

E a s t ,  Cirrus Clouds, West, Altocumulus 

c l a s s  5 ( b w e r  Bound- Clouds, c l a s s  2-3 c la s s  7-8 


2.5 thousand m) 

HY m P? 
mbar 

T, 
O K  

P, 
Hy mbar 

P, 
H7 mba.r 

_- ~. 

0 1013 291 0 1018 287 0 logo 284 8.0 
1500 850 287 1480 850 285 1440 850 284 7.0 
3000 700 273 3100 700 273 3020 700 273 4.0 
5700 500 260 5700 00 255 5670 500 255 1.0 
9300 300 244 9300 300 227 9210 300 228 0.15 

11900 200 231 11800 200 213 11890 200 224 0.1 
16400 100 207 16400 100 222 16440 100 227 0.2 

21000 50 216 t20970 50 224 
24300 30 218 24360 30 227 

27160 20 231 

31930 10 235 

ary, 5-7thousand m) ( h w e r  Boundary, 1thouzand 


Thus, i f  t h e  emissive layer  a l t i t u d e  ciii be explained by t h e  upper /10.3

.boundary of t he  cloudiness fo r  t h e  transmittance window, then t h e  radia

t i o n  l e v e l  i n  t h e  sect ion of st rong absorption by water, N20 and NO 

vapors - 4.5-8.5 microns - cannot be located a t  an a l t i t u d e  of 2 km. This 

i s  due t o  the  f a c t  t ha t ,  according t o  ex i s t ing  information, above t h i s  

l e v e l  t h e  vapor concentration i s  s t i l l  large,  and ef fec t ive  absorption 
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occurs at r a t h e r  high a l t i t u d e s  (up t o  10 km) where t h e  atmospheric temper
a tu re  i s  low. However, at high a l t i t u d e s  (40-60 km), t h e  temperature aga,in 
decreases, and consequently t h e  p c s s i b i l i t y  cannot be excluded t h a t  radia
t i o n  from these  a l t i t u d e s  i s  responsibde f o r  t h e  observed high e f f ec t ive  
temperatures i n  t h e  4.5-8.5 micron region. Ln t h i s  connection, we cannot 
overlook t h e  r e s u l t s  obtained i n  (Ref. 2), where a high r ad ia t ion  i n t e n s i t y  
w a s  observed i n  severa l  cases i n  the  6-8 micron-region; i n  every case, t h i s  
i n t e n s i t y  w a s  higher than t h a t  s t i pu la t ed  by the  assumption of an atmospher
i c  emissive layer  concentrated i n  the  30-40 km l aye r  near t h e  Earth. We 
must note t h a t  t h e  experiment, i n  which t h e  angular r ad ia t ion  d i s t r i b u t i o n  
of the  E x t h  w a s  recorded, provide a d e f i n i t e  information regarding t h e  
t r a n s i t i o n a l  space-Earth region. In  pa r t i cu la r ,  it made it possible  t o  d i r e c t l y  
obtain the  a l t i t u d e  of t he  Earth 's  emissive atmosphere i n  d i f f e r e n t  s p e c t r a l  
in te rva ls ;  f o r  t h e  experiment on June 6, 1963, i n  t h e  4.5-8.5 micron spec
t r a l  region t h i s  a l t i t u d e  w a s  45 km to t h e  e a s t  and 125 km t o  t h e  west; f o r  
t h e  experiment'on June 18, 1963, it was 90 km to t h e  north.  A comparison of 
these  da ta  with t h e  water vapor concentration near t h e  Earth i n  these  
regions (see Table 2) ind ica tes  a d e f i n i t e  cor re la t ion  between the  emissive 
atmosphere a l t i t u d e  and t h e  vapor concentration near t h e  Earth. The de ter 
mination of  s m a l l  concentrations of emissive vapor i s  faci1ita ' ;ed under t h e  
observational conditions, s ince t h e  thickness  of t h e  o p t i c a l  path can amount 
t o  severa l  hundred kilometers, when t h e  s igh t ing  i s  performed by a narrow-an
g l e  op t i ca l  system at  l a rge  angles to the  nadir .  An increase i n  the  amount of 
da t a  and s t a t i s t i c a l  processing of t he  information may possibly provide a 
more r e l i a b l e  basis f o r  t he  assumption of v e r t i c a l  water vapor propa,gation. 
The rad ia t ion  of m i t r i c  oxides cannot be excluded, although i n  t h i s  case 
va r i a t ions  with t h e  underlying surface cha rac t e r i s t i c s  a r e  l e s s  probable. 

Since t h e  experiments were performed by equipment having a narrow-
angle o p t i c a l  system, it w a s  possible  t o  observe ionosphere inf ra red  rad i 
a t ion  from t h e  or iented c a r r i e r  i n  t h i s  s e r i e s  of launches (Ref. 7).  It 
must be noted t h a t ,  due to t h e  very slow scanning motion of t h e  op t i ca l  
system, when t h e  rocket sh i f t ed  by 50-70 km - during t h e  s igh t ing  time of 
angles adjacent to t h e  hor izonta l  - t h e  recorded layers  were very d i f fuse .  
It w a s  possible  t o  observe ionosphere r ad ia t ion  by the  change i n  t h e  r ad i 
a t ion  spec t r a l  composition f o r  the  hor izonta l  d i rec t ion .  I n  par t icu lar ,  
t h e  r e s u l t s  derived from t h e  launch on October 18, 1962, indicated t h a t  
ionosphere rad ia t ion  w a s  concentrated i n  t h e  4.5-8.5 micron region. It i s  
in t e re s t ing  to note t h a t  during the- launch on June 6, 1963 (no per turbat ion 
i n  t h e  ionosphere on t h e  so l a r  s ide)  t h e  inf ra red  rad ia t ion  i n  t h e  horizon
t a l  d i r ec t ion  w a s  weak. 
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DETERMINDYG TEMPERATURE AND MOISTURE O F  THE E3ETH'S 
ATMOSPHERE BASED ON SATELLITE. fi'JEAsURESIEl!!l% O F  THE EAETH'S ATMOSPHERE 

M. S. Malkevich, V. I. Tamarskiy 

Spec t r a l  measurements of r ad ia t ion  leaving t h e  Earth i n  t h e  region /lo4 
of tile carbon monoxide (15 p) and water vapor (6.3 pk) absorption bands 
by s a t e l l i t e s  has made it poss ib le  t o  determine t h e  v e r t i c a l  d i s t r i b u t i o n  
of temperature and humidity i n  t h e  Ear th ' s  atmosphere. A concurrent 
determj-nahion of t hese  parameters i n  t h e  following way is  advantageous. 
The v e r t i c a l  temperature d i s t r i b u t i o n  T(p), without allowance f o r  t h e  
CO, and H20 bands overlapping (p i s  t h e  pressure  a t  standard l eve l s )  can 
be determined from rad ia t ion  in t h e  CO, band, whose concentration i n  t h e  
atmosphere i s  known. U t i l i z i n g  t h e  T(p) t hus  obtained according t o  r ad i 
a t ion  i n  t h e  H,O band, w e  can determine t h e  v e r t i c a l  d i s t r i b u t i o n  of 
spec i f ic  humidity q(p) ,  and can then def ine  T(p) more accurately,  with 
allowance f o r  t h e  bands of both gases overlapping i n  the  15 11 region. An 
analagous problem can be solved by measuring t h e  outgoing r ad ia t ion  of 
0, and H20 i n  t h e  r ad io  wave range of t h e  spectrum. 

The f a c t  tha,t t h e  r ad ia t ion  leaving t h e  Earth, which corresponds t o  
d i f f e r e n t  sec t ions  of t h e  absorption bands under considera,tion, i s  pro
duced i n  d i f f e ren t  l aye r s  of t h e  Ea r th ' s  atmosphere - and, consequently, 
r e f l e c t s  t h e  thermal regime of these  l aye r s  o r  t h e  concentration of 
water vapor i n  them - provides a physical  b a s i s  f o r  solving t h i s  problem. 
It i s  c l e a r  t h a t  t h e  outgoing r ad ia t ion  represents  t h e  superposi t ion of 
r ad ia t ion  from a l l  elementary atmospheric layers ,  and t h e  incoming pro
por t ion  of r ad ia t ion  from each of them i s  determined by t h e  transmission 
func t ion  of t h e  atmosphere 'iV,which depends on t h e  frequency V ,  t h e  
concentration of t h e  a,bsorbant substances, pressure,  and temperature. If 
it i s  assumed t h a t  t h e  underlying surface r a d i a t e s  l i k e  a black body a t  
t h e  temperature T(po), then the  i n t e n s i t y  of r ad ia t ion  L, leaxing t h e  
uppzr atmospheric boundary i n  a c e r t a i n  d i r ec t ion ,  ( f o r  example, i n  t h e  
zeni th  d i r ec t ion )  i s  r e l a t e d  t o  t h e  des i red  funct ions by t h e  following 
r e l a t ionsh lp  : 

Here BV i s  t h e  Planck function, and po i s  t h e  pressure at t h e  underlying 
surface. Expression (1)is an i n t e g r a l  equati'on of t h e  F redhoh  type of 
t h e  f i r s t  kind (genera l ly  speaking, nonl inear) .  

Since it i s  necessary t o  obtain s p a t i a l  and temporal var iakions 
of t h e  funct ions T(p) and q(p),  i .e . ,  devia t ions  from c e r t a i n  mean d i s 
t r i b u t i o n s  T(p) and q(p), f o r  t h e  physics of  t h e  Ea r th ' s  atmosphere, t h e  
so lu t ion  of t h i s  problem must be based on prec ise  measurements of t h e  
outgoing rad ia t ion .  On t h e  o ther  hand, it i s  well-known (see, fo r  example 
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Figure 1 

Reduction of Ver t i ca l  Temperature Dis t r ibu t ion  by Yamamoto' s Method 
(Ref. 9) Using Polynomials of Different  Orders 

n 
~ , ( p ) - . ~ z ~tkPk ; l  - ~ ( p ) ;2 - n=l ;  3 - n=2; 4 - n=3; 5 - n=ji 

[Ref. l1) tha. t  t h e  opposite problems f o r  equa.tions of type (1) a r e  incor rec t ,  
i . e . ,  s m a l l  e r r o r s  i n  t h e  measured quan t i t i e s  of I, can lead t o  large e r r o r s  
i n  t h e  funct ions determined T(p) and q(p) .  This  a l s o  necess i t a t e s  a high 
measurement accura,cy. 

The conclusion cam thus  be drawn t h a t ,  before formula,ting t h e  phys ica l  
experiment, it i s  necessary t o  e s t a b l i s h  what the e r r o r s  i n  determining 
T(p) a,nd q(p) w i l l  be f o r  t h e  ex i s t ing  p o s s i b i l i t i e s  of mea,suring I,. W e  
must a l s o  determine what requirements must be imposed on t h e  experiment, 
i n  order  t o  obta in  t h e  des i red  quan t i t i e s  with accepta.ble accuracy. Ta.king 
i n t o  account t h e  d i f f i c u l t y  en ta i l ed  i n  measuring I, from t h e  s a . t e l l i t e  
with high spectra.1 reso lu t ion ,  it i s  advantageous to ind ica te  t h e  minimum 
number (which i s  suf f ic ien t  f o r  t h i s  puriose)  of s p e c t r a l  i n t e rva l s  i n  
which 1,must  be measured. This  a r t i c l e  i s  devoted t o  c l a r i f y i n g  some of 
t hese  problems. b 



- -  
-- 

1. Determining T(p) 

Kaplan ( R e f .  2) i n i t i a t e d  t h e  idea  of determining T(p) by s a t e l l i t e  
measurements i n  t h e  CO, absorption band. The works of Wark ( R e f .  3) and 
Yamamoto ( R e f .  4) presented c e r t a i n  methods f o r  solving t h i s  problem f o r  
t h e  s t ra tosphere,  where water vapor absorpt ion can be disrega,rded. I n  
pa r t i cu la r ,  Yamamoto developed a so lu t ion  f o r  equation (l), which only 
took in to  account t h e  absorption of carbon monoxide, i n  the  form of 
Legendre and Chebyshev polynomials expanded i n  powers of p and i n  t h e  
form of orthogonal polynomials. I n  h i s  r epor t  t o  t h e  symposium on 
ra,dia,tion processes i n  Leningrad (August, 1964), Wark proposed t h e  use 
of tr igonometric funct ions f o r  t h i s  purpose a l s o .  Examples of de t e r 
mining T(p) according t o  I,, given i n  )-I s ec t ions  of t h e  spectrum, show 
t h a t  real  va r i a t ions  of T(p) cannot be approximated i d e n t i c a l l y  i n  a 
s a t i s f a c t o r y  way on a l l  l eve l s  being s tudied by polynomials of t he  f i r s t ,  
second, and t h i r d  order  ( R e f .  4 ) .  The u t i l i z a t i o n  of addritional expansion 
terms (even of t h e  fou r th  order) impairs t h e  approximation, s ince the  
incorrectness  of t h e  opposite prob!.ein i s  manifested (Figure 1). The 
methods which have been present ly  developed f o r  regula t ing  opera,tors of 
t h e  i n t e g r a l  Fredholm equation types of t h e  f i rs t  kind ( R e f .  1) s t i l l  
require  more i n i t i a l  information on t h e  defined func t ion  I,. 

It i s  necessary t o  perform an optimum a,pproxima,tion of ~ ( p )i n  
order t o  obtain a r e l i a b l e  so lu t ion  of equation (1). Systems of s ta t i s 
t i c a l l y  orthogonal funct ions provide such an approximation; a r igorous 
theory w a s  developed f o r  these  funct ions by A. M. Obukhov ( R e f .  5 ) .  This 
theory can be used t o  determine T(p).  If w e  represent  T(p) i n  t h e  
form 

where T ' (p )  a r e  random deviat ions from the  norm T(p)(T'  << T)  - which i s  /1_06 
known f o r  any region of t h e  Earth and any time in-cerval, o r  which can be 
determined according t o  a.erological da ta  - then we obta.in an equation f o r  
determining T ' (p )  from (1)and (2) :  

which i s  l i n e a r  with respect  t o  T ' (p ) .  Eere f 
V 

I, - I,; I., i s  the  
i n t e n s i t y  of outgoing r ad ia t ion  f o r  t h e  mean p r o f i l e .  A s  has been ehqwn 
i n  (Ref. 5), t he  optimum a,pproximation of t he  random funct ion -. f o r  
example, T ' ( p )  - i s  performed by a system of orthogona.1 funct ions which 
represent  eigen funct ions of the  corresponding co r re l a t ion  function, i n  
t h e  given case BT (when T '  i s  s e t  a.t a d i s c r e t e  number of leve ls ,  t h i s  
w i l l  be a bas i s  system of vectors  represent ing eigen vec tors  of t h e  
co r re l a t ion  ma,trix +(pk, pl). 
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Figure 2 

Examples of Eigen Vectors q)k(pi) Calcula.ted 
According t o  t h e  Correlat ion Matrix (pk, p,) f o r  Bismarck 

1 - Cp1; 2 - Q,; 3 - CpL. 

Figure 2 presents  exa,mples of 3 eigen vectors  %(pi) of t h e  matrix 
%(%,pl). It i s  shown t h a t  any rea.liza.tion of T ' (p i )  cam be approximated 
by t ' iree-four e igen vectors  with a mean quadra.tic e r r o r  which does not 
exceed l O - l 5 $ .  This e r r o r  can be expressed by the  eigen values of t he  
matrix,  represent ing t h e  dispers ion of the  expamion coe f f i c i en t s .  Thus, 
represent ing T '  i n  form of t h e  expansion 

n 


and subs t i t u t ing  i n  ( 3 ) ,  w e  obtain a system of a,lgebraic equa.tions for 
determining t k :  

n 


i; 
Dvkt,<=/" (v I= 1, 2,  . . .; N > n ) ,  (5  1 

n 
- 7  

LThus t k  = 
v= 1 D$fv. Here D$ represents  elements of t h e  inverse ma,trix 

of sybtem ( 5 ) .  
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Figure 3 

Reduct ion of Ver t i ca l  Temperature Dis t r ibu t ion  by t h e  
Optimum Approximation Method Above Dry Iand (Bismarck)

i n  7- -1 .il 
I - T’(pj; ,O - T ;  (pi!-= ~ / ; v ! ~(?>i),  1 p = T’(?Ii) uli (pi); 3 -T; (p)  = t/iuii (pi); 

/;:l i I /; - I  

tk are determined from t h e  Eystem (17); 4 - so lu t ion  of 
equation (13) by Yamamoto’s method ( R e f .  9 ) .  

A s  wa.s shown i n  (Rei‘. 6), t he  use of optinium systems does not 
elimina.te t h e  i n s t a b i l i t y  of t h e  solut ion,  rela.ted t o  t h e  incor rec t  
nature  of t h e  inverse problem f o r  equa,tion (9 ) .  But s ince these  
systems provide t h e  bes t  a,pproximation by a small number of terms i n  
t h e  series (5 ) ,  it i s  possible  t o  solve equation (3) with sa.tisfa.ctory 
a,ccuracy (Figure 3, [ I ) ,  which i s  no worse than  approxima,tion i n  
general. It i s  thus  apparent tha,t a sa , t i s fac tory  reduct ion of t he  ve r t i 
c a l  p r o f i l e s  f o r  each of t h e  cases examined (dry land, ocean) can a l s o  
be performed by means of a ”foreign” system of e igen v rc to r s  (Figure 4., 
curve 4) .  

The influence of t h e  e r r o r  en ta i l ed  i n  measuring I, o r  f, upon the  
e r r o r  i n  determining T’ (p )  i s  an important problem. It can be r e a d i l y  
shown (Ref. 6) t h a t ,  i f  t h e  measurement e r r o r s  a r e  no tco r re l a . t ed ,  t he  
a,mplifica.tion f a c t o r  of t he  mean quadra.tic e r r o r  6f =,/f,” 
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Figure 4 

Reduction of Ver t i ca l  Temperature Dis t r ibu t ion  by 
Optimum Parameterization Above t h e  Ocean ( O n  Ship Board t t S t t )  

Notation i s  the  same as i n  Figure 3; curve 4 i s  obtained by 
means of %(pi) determined f o r  t h e  mainland. 

(where dT i s  t h e  mean quadrat ic  e r r o r  en ta i l ed  i n  determining T I )  can be 
expressed by t h e  element Dik of t h e  reverse  matrix of system (5) 

The ampl i f ica t ion  f a c t o r  of t h e  e r r o r  can be s ign i f i can t ly  reduced, i f  /lo7 
w e  use the  i n i t i a l  information on I, f o r  a l a rge  number N of s p e c t r a l  
i n t e r v a l s  exceeding t h e  number n which takes i n t o  account t h e  basis vec
t o r s .  Then can be reduced by a f a c t o r  of approximately N/n. The 
amplif icat ion coe f f i c i en t s  of KT and K are given below f o r  determining 
T ' ( p )  and q ' (p ) :  q 



Figure 5 


Examples of Eigen Vectors Y(p) Calculated 

According to the Correlation Matrix Bq(PB,P1) for Bismark 


1 - Y1; 2 - Y2; 3 - Y 3  

P, mb 1000 850 700 500 400 300 250 200 150 100 


KT(n=N=2) 3.1. 1.1 5.3 2.0 4.7 7.1 17.2 21.3 8.2 8.8 


K~(n=2;N=13) 1.8 1.0 1.4 0.5 1.3 2.3 6.0 8.0 2.6 2.5 


Kq(n=3; N=3) 6.2 7.6 5.0 0.61 0.4 0.1 - - - -
K.(n=3; N=8) 5.4 2.5 1.8 0.3 0.1 - - - - -

These results pertain to the case when the radiation of water vapor, whose 

band overlaps the C02 band of 15 U, is disregarded. Allowance for water 

vapor can be important in determining T(p). Therefore, it is advantageous 

to solve these problems of determining the temperature profile concurrently 

with the problem of determining the vertical humidity distribution according 

to the outgoing radiation in the H2O band (for example, 6.3 U). 
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Reduction of Vertical Specific Humidity Distribution Above Bismarck 


q1 are determined from system (24);4- second approxi

mation q’(p) obtained from system (27). 


2. Determination of q(p) 


It is advantageous to determine T(p) and q(p) concurrently based on 
simultaneous measurements of I, in the CO, bands of l5pand the H, 0 
bands of 6.3 1-1. This is due to the fact that it is necessary to know 
the rest in order to determine each of these parameters (the idea of such 
a complex was also advanced by Kaplan [Ref. 71) .  By determining the 
first approximation of the vertical profile T 1  (p) according to I, in /io8 
the CO, band of 15  p, without allowing for overlapping with the H20 bands, 
one can use it to determine the vertical profile q(p) according to I, in 

the H, 0 band of 6.3 p. By obtaining the latter, one can define TI (p) 

more accurately, with allowance for the band overlapping, and can then 

repeat the iteration. 




The problem of determining q(p) i s  s t m i l a ) .  to t h e  problem of deter
mining T(p), wi th  t h e  only d i f fe rence  being t h a t  equation (1)w i l l  be 
e s s e n t i a l l y  nonlinear:  Tv [p, q(p) 1 - a complex func t ion  q(p) which does 
not  have an a n a l y t i c a l  expression. Since t h e  mathematical method of 
solving equation (1) i s  t h e  main problem considered below, w e  can u t i l i z e  
t h e  approximate expression of t h e  funct ion Tv based on t h e  band model 
of Elsasser : 

where x = p/po; wg - &q(pc)/g i s  t h e  water vapor mass i n  a column of a i r  
reduced t o  normal pressure po; 1, - t h e  generalized absorption coe f f i c i en t ;  

- i n t eg ra l  of probabi l i ty ;  

Y 

Q (2)= \ tq  ( t )dt 
0 (9) 


-reduced mass of water vapor. 

Let us employ t h e  approximation method by using empir ical  o r  ortho
gonal funct ions obtained f o r  spec i f i c  humidity, i n  order  t o  solve equation 
(1). Representing 

-
(x)= ( x )  4-(/' (x), 

(where 4(x)  i s  t h e  mean p r o f i l e  of spec i f i c  humidity a.bove a given region 
and i n  a given time in t e rva l ;  q ' (x)  - p r o f i l e  devia t ion  from t h e  mean) and 
regarding q'(x) as a random function, we can compile a system of orthogonal 
funct ions (vectors)  which provide optimum parameterization of any r e a l i z a 
t i o n  q ' (x) .  Figure 5 presents  examples of t h e  t h r e e  f i r s t  vectors  of such 
a system, obtained according t o  radiosonde d a t a  above Bismarck (summer). 

If it i s  assumed t h a t  t h e  v e r t i c a l  temperature d i s t r i b u t i o n  T(x) and 
t h e  mea,n spec i f i c  humidity d i s t r i b u t i o n  q(x)  are known, then w e  cam formu
la te  an equation f o r  determining q ' (x) ,  which i s  assumed t o  be sma.11 a.s 
compared with q(x) : 

. ( I  
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Here f, - I.; I, i s  t h e  i n t e n s i t y  of outgoing r ad ia t ion  calculated 
according t o  formula (1) f o r  q = q(x) ;  

0 
T 

Q'(.z) = It q ' ( t )  d t ;  
0 

1, 

ra (XI1 --
I,wo clip [- 2woo (2)1 

. ____
aQ [ 2 ~ Z Y W 0 ~(Z)]''f 

(11) 


I n  order t o  solve equation (lo), which i s  l i n e a r  with respect  t o  q ' (x ) ,  /log
l e t  u s  represent  q ' ( x )  i n  the  following form: 

Subs t i tu t ing  (12) i n  equation (lo), we obtain an algebraic  system of equa
t ions  f o r  determining the  coe f f i c i en t s  gk '  ' 

n 
71 = f ,  (Y = 1,2, . . .)N >n) ,  (13)k = L  

where 

The ef f ic iency  of t he  method was ve r i f i ed  a,s follows. For given r ea l i za 
t i o n s  T(x), q(x)  and.G(x), I, and 1,were calculated according t o  formula 
(1) f o r  severa l  s p e c t r a l  sect ions having t h e  width Av = 25 em-1 i n  the  /110 
i n t e r v a l  v = 1241 - 1512.5 em-'. The absorption coe f f i c i en t s  1, were 
taken from the  study (Ref. 8). The coef f ic ien ts  qk and t h e  desired func
t i o n  q ' (x)  were then determined according t o  the  funct ion of fv,  which 
w a s  obtained from these  calculat ions,  and the  given T(x) and q (x )  described 
by the  above method. The r e s u l t s  derived from t h i s  ca lcu la t ion  are given 
i n  Figure 6 f o r  n = 3 and N = 3. Attention should be ca l led  t o  the  great  
divergence between the  t r u e  and calculated p r o f i l e s  of q ' ( x )  c lose t o  the  



Ear th ' s  surface.  T h i s  i s  apparent ly  r e l a t e d  t o  t h e  f a c t  t h a t  q ' ( x )  i s  
comparable with t h e  mean F r o f i l e  G ( x ) ,  which makes it impossible t o  
r e s t r i c t  ourselves t o  l i n e a r  terms i n  (10)- We should a l s o  poin t  out 
t h a t ,  i n  cont ras t  t o  a s i m i l a r  problem f o r  t h e  v e r t i c a l  temperature pro
f i l e ,  t h e  va,ria,tions i n  s p e c i f i c  humidity have less influence on t h e  
v a r i a b i l i t y  of t h e  s p e c t r a l  pa t t e rn  of outgoing r ad ia t ion  i n t e n s i t i e s .  
Actually, as fol lows from (1)and (7),double smoothing out of t he  speci
f i c  humidity occurs i n  t h e  ca lcu la t ion  of I,. 

It i s  possible  t o  r e f i n e  the  so lu t ion  of t h e  problem by applying 
Newton's method t o  the  nonlinear equation (1);t h i s  method was generalized 
t o  nonlinear operators  by L. V. Kantorovich (Ref. 9 ) .  Writing (1) i n  t h e  
f o m  

and regarding (15) as a. non1inea.r equation with respec t  t o  t h e  coe f f i c i en t s  
qk.' f o r  whose f i r s t  approxima,tion c$' we employ t h e  so lu t ion  of system (13), 
we can determine t h e  following approximations from t h e  system 

It can be r e a d i l y  seen thak t h e  c-oeff ic ients  of t h e  system of equations
(16) coincide with rvk i n  t h e  case of $;. Therefore, f o r  purposes of com
pu ta t iona l  s impl i c i ty ,  we can employ the  sa.me coe f f i c i en t s  i n  systems (16) 
as i n  system (13), only changing the  f r e e  term. Figure 6 presents  t he  
r e s u l t s  derived from solving equation (16) f o r  i 2.  These r e s u l t s  show ~ 

t h a t  t h i s  method provides sa t i s f ac to ry  approximaltions of t he  calcula,ted 
p r o f i l e s  q ' ( x )  t o  t h e  a c t u a l  p r o f i l e s .  The mean quadrat ic  e r r o r  of t h e  
so lu t ion  does not  exceed lo$, under t h e  condi t ion t h a t  t he  quant i ty  t o  be 
measured i s  known with an absolute  accuracy. If fv  i s  measured with a 
c e r t a i n  e r r o r  Of, then the  coe f f i c i en t  K

9
(x)  = T / T  - which ind ica tes  t h eq fexten t  t o  which t h e  e r r o r  increases  i n  determining t h e  spec i f i c  humidity 

0 q - can be expressed by elements of t h e  reversed matrix rzy of system (13) 
and t h e  ba,sis vec tors  Yk. Namely, w e  have 
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The quan t i t i e s  K9(x),  ca lcu la ted  f o r  t h e  so lu t ion  q ' (x )  obta,ined a,bove, 
are given on page 146. As  w a s  expected, t h e  e r r o r  a,mplification f a c t o r  
i s  a t  a maximum c lose  t o  t h e  Ea r th ' s  surface.  If the  number of spectra.1 
in t e rva l s  N, i n  which Iv i s  measured, exceeds t h e  number of bas i s  vec tors  
n, then - just  as i n  t h e  case of temperature - t h e  e r r o r  decreases by 
approximately a f a c t o r  of N/n. 

Conelusions /111 

Based on t h e  f a c t  t h a t  s t a t i s t i c a l  cha rac t e r i s t i c s  of t h e  v e r t i c a l  
s t ruc tu re  of temperature and humidity f i e l d s  w i l l  be employed t o  solve 
the  problem under consideration, w e  can formulate bas ic  recommendations 
and requirements f o r  t he  proposed experiment on the  bas i s  of t h e  r e su l t s  
obtained . 

1. I n  order  t o  determine t h e  deviat ions of t h e  v e r t i c a l  p r o f i l e s  
f o r  tempera.ture and s p e c i f i c  humidity from t h e  mean d i s t r ibu t ions  
T(p) and q ( p ) ,  t h e  measurements must be conducted by t h e  d i f f e r e n t i a l  
method. The ra,diation of a black body, equa,lling the  r ad ia t ion  of t h e  
Earth f o r  T(p) and 4 (p )  a,bove the  measurement region i n  a. given time 
in t e rva l ,  must be used as the  comparison stamdard. 

2.  I n  order  t o  determine T(p) f o r  t h e  troposphere with an e r r o r  
exceeding t h e  mea.surement e r r o r  I, by a f a c t o r  of 3-5, it i s  s u f f i c i e n t  
t o  measure t h e  l a t t e r  i n  2-3 su i t ab ly  se lec ted  in t e rva l s  of t h e  CO, 
absorption band of 15 p, under t h e  condi t ion t h a t  t h e  atmospheric t r a n s 
mission i s  known with an  a,bsolute a.ccura,cy. I n  order  t o  decrease t h e  
e r r o r  2-3 times, it i s  necessary t o  have t h e  measurements of i n  10-12 
spectra.1 in t e rva l s .  

3. The se l ec t ion  of t h i s  amount of intcrva.ls  f o r  t h e  water va.por 
absorption band of 6.3 p, i n  which I, i s  measured, i n  order  t o  determine 
q ( p )  i n  the troposphere leads  t o  a. somewhat grea.ter amplif icat ion of t he  
mca.surcment error (a. f a c t o r  of 5-8 when 3 s p e c t r a l  interva.ls  a.re chosen, 
ant1 a f a x t o r  of 2-5 f o r  8 s p e c t r a l  i n t e r v a l s ) .  

4. Let us  assume t h a t  deviakions of t he  tempera.ture and humidity 
v e r t i c a l  p r o f i l e s  from the  mean p r o f i l e s  must be obtained with an e r r o r  
of 30% of %lie meam qua.dratic deviakion ( t h i s  comprises 2-3' i n  t e r m s  of 
temperature and 0.5 - 1 g-kg-' i n  t e r m s  of spec i f i c  humidity f o r  
T(po) := 3OO"K, <(po) = 3 - 5 g-kg-l). The d i f fe rences  between t h e  a c t u a l  
radia.tion of  t h e  Earth and the  stanrlard ra.dia.tion must be measured with 
an  e r r o r  of no more than 5%, a.nd the  sta.ndard ra.dia.tion must be recorded 
with an e r r o r  of 0.1%. This experiment i s  technica.l ly fea.sible a.t t h e  
present  time . 
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ULTRAVIOLET RADIATION SCATTERING ( A 1300 8) 
IN THE UPPER ATMOSPHERE OF THE EARTH^ 

(S-ary 1 
S .  A. Kaplan, V. G. K u r t  

A two-layer model of t he  atmosphere with la rge  o p t i c a l  thickness  
i s  investigated.  The incident  so l a r  r ad ia t ion  i s  sca t te red  without absorp
t i o n  i n  the  f i r s t ,  upper layer .  Simple formulas a r e  obtained f o r  t he  /112
sca t te red  r ad ia t ion  i n t e n s i t y  f o r  Doppler and Lorentz p ro f i l e s .  I n  the  
fi:i*st case, t h e  i n t e n s i t y  i s  proport ional  t o  m; i n  t h e  second case, 
it i s  proport ional  t o  a,where N i s  t h e  t o t a l  number of dispers ion a,toms 
i n  t h e  l i n e  of  s igh t .  Scat ter ing a t  t h e  s ides  can provide the  observed 
in t ens i ty  increase depending on the  degree ofimmersion i n  the  atmosphere. 

1 The a r t i c l e  w a s  published i n  the  journa l  "Kosmicheskiye Issledovaniya", 
39 NO. 3, 237, 1965. 



However, t h e  absolute  i n t e n s i t y  i s  much less than  t h e  observed Lntensity.
The r o l e  of absorption by molecular oxygen i s  taken i n t o  account i n  t h e  
lower la,yer, and it i s  assumed t h a t  t h e  albedo of a s ing le  s c a t t e r i n g  pmcgs
A increases  l i n e a r l y  with a,n increase i n  o p t i c a l  thickness .  A so lu t ion  
i s  found f o r  t h e  tj-ansport equation which i s  expressed by t h e  Airy funct ion.  
I t s  asymptotic expression i s  found. 

The appl ica t ion  of t h e  so lu t ion  t o  the given atmospheric model shows 
that t h e  i n t e n s i t y  begins t o  decrease sharply, beginning at an a l t i t u d e  of- 180 km. This resul t  c lose ly  coincides with t h e  obse rva t iona lda ta .  

UPPER ATMOSPHERE LAYERS WHICH RADWE 
I N  THE SPECTRAL m G I O N  

M. N. Markov, Ya.  I. Merson, M. P. Shamilev 

According t o  cur ren t  opinions, t h e  emissive atmosphere of t h e  Earth 
represents  a gas envelope with a r e l a t i v e l y  s m a l l  th ickness  - 30-40km.  
Beyond i t s  boundaries, t h e  gas concentration i s  so s m a l l  t h a t  t h e r e  i s  
no s ign i f i can t  r ad ia t ion  i n  t h e  in f r a red  s p e c t r a l  region. 

These opinions have been subs tan t ia ted  .by computations of t h e  
angular d i s t r i b u t i o n  of t h e  eigen ra,diation of t h e  E w t h  and t h e  a,tmos
phere, which have been performed r ecen t ly  by seve ra l  authors  (Ref. 1, 2) .  
It should be pointed out t h a t  the r e s u l t  of a l l  t hese  computations i s  
predetermined t o  a considerable ex ten t  by t h e  formulation of t h e  problem 
i t s e l f ,  s ince t h e  assumed model of an emissive atmosphere represents ,  as 
was indicated above, a gas envelope 40 h th ick .  I n  addi t ion,  t hese  
calcula,t ions cannot pretend t o  be accurate,  s ince a t  present  w e  do not 
know t h e  e n t i r e  c h a r a c t e r i s t i c s  of t h e  r ad ia t ion  and gas absorpt ion spec t ra  
under t h e  spec i f i c  condi t ions surrounding gases a t  high a l t i t u d e s  ( the re  
has 'been l i t t l e  research  on t h e  composition, temperature d i s t r ibu t ion ,  and 
absorption fu i c t ion ,  p a r t i c u l a r l y  f o r  la rge  atmospheric thicknesses  amount
ing t o  about 1000 km i n  t h e  d i r e c t i o n  of t h e  tangent ) .  

The v a l i d i t y  of e x i s t i n g  concepts regarding the  emissive atmosphere 
can only be demonstrated experimentally.  

Throughout 1958-1963, w e  conducted systematic measurements of terres
t r i a l  and a,tmospheric r a d i a t i o n  i n  cosmic space i n  t h e  in f r a red  s p e c t r a l  
region (0.8 - 40 p), from a l t i t u d e s  of 25 t o  500 km ( R e f .  3-5). The 
research equipment f o r  t hese  measurements was ca r r i ed  by geophysical 
balloons and rockets  . 
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Figure 1 

Sections of Angular Radiation Distribution Curves Which Are Adjacent t o  the  Horizon"a1 Sighting 
Direction a t  Different Altitudes, Recorded i n  Experiments on August 27, 1958 (Upper Group) and 

October 18, 1962 (Lower Group). 



The following conclusions were reached from these  measurements: 

1. Intense in f r a red  r ad ia t ion  i s  observed from t h e  a,tmospheric layers  
located a t  a l t i tudes above 200 km. We performed t h e  observations during 
d i f fe ren t  times of t he  year (June, August, October) i n  regions which were 
seve ra l  thousands of ki lometers  apa r t  f o r  a d i f f e r e n t  equipment s ight ing
d i r ec t ion  with respect  t o  c.%pass poin ts .  

I n  every case, t h e  upper atmosphere ra,diation had a m a x i m u m  i n t e n s i t y  
i n  t h e  a l t i t u d i n a l  region of 250 - 300, 420 - 450, and about 500 km. 

2. The r ad ia t ion  observed a t  these  a l t i t u d e s  w a s  pr imari ly  concentrated 
i n  t h e  2.5 - 8 p s p e c t r a l  region and i n  t h e  sec t ion  of t he  atmosphere i l lum
inated by t h e  Sun. / l l 4  

3. The upper atmospheric radia,t ion has a m a x i m u m  i n t e n s i t y  of 
(3-7)*10' w-m'  f o r  sig-htings i n  the  d i r e c t i o n  of t h e  tangent,  when t h e  ra,dia
t i o n  i s  intey;ra,ted along a l i n e  which i s  on t h e  order  of 1000 km long - which 
corresponds t o  i s o t r o p i c  r ad ia t ion  of 1 em3- 10-3erg*sec-1. 

4. The radia,t ion i n t e n s i t y  depends upon t h e  influence of so l a r  rad ia
t i o n  upon the  upper atmosphere, and increases  during a period of m a x i m u m  
s o l a r  a c t i v i t y .  

FiGures 1 and 2 show sec t ions  of scmning  cycles, which are adjacent 
t o  the  1iorizonta.l s igh t ing  d i r e c t i p n  of t h e  o p t i c a l  system f o r  t h e  equip
ment, which were obtained from d i f f e r e n t  a l t i t u d e s .  A s  t hese  figures show 
t h e r e  ai'e sharply expressed radia,t ion peaks a t  a l t i t u d e s  of 250 - 300 and 
420 - ' '50 km; these  peaks were not observed at o ther  a l t i t u d e s .  

Figure 3 prcsents  curves shoving the  dependence of t h e  amplitude f o r  
rad ia t ion  coming f'rom a hor izonta l  d i r e c t i o n  upon the  s igh t ing  a l t i t u d e .  
These curves were obtained during experiments i n  1958, 1962, and 1963, and 
present  a more de t a i l ed  i l l u s t r a t i o n  of t he  observed r ad ia t ion  d i s t r i b u t i o n  
by 3.1titudc. We would l i k e  t o  point  out t h e  p a r t i c u l a r  importance of t h e  
1963 expcriment, which fully corroborates t h e  r e s u l t s  obtained previously; 
t h i s  experiment again recorded r ad ia t ion  a.t a l t i t u d e s  of 280, 420, and i n  
a,ddition 500 km. 

I n  t h e  1958 experiments, and p a r t i c u l a r l y  i n  1963, throughout t h e  
e n t i r e  experiiiierlt t h e  equipment w a s  s t r i c t l y  or ien ted  i n  space with 
respect  t o  a l l  t h r e e  axes, and was i n  t h e  shade of t h e  c a r r i e r ;  t h i s  e l i 
minated any p o s s i b i l i t y  of s o l a r  r ad ia t ion  d i r e c t l y  a.ffecting t h e  equip
ment. I n  addi t ion,  t he  e f f e c t i v e  s p e c t r a l  region was confined t o  t h e  
2.5 - 40 g range i n  t h e  1963 experiments. 

There should be no p o s s i b i l i t y  t h a t  m y  s t r u c t u r a l  elements of t h e  
equipment could produce an e r r o r  i n  t h e  recording of t h e  parameter being 
studied, o r  t h a t  t he re  could be a r ad ia t ion  e f f e c t  from t h e  c a r r i e r  e le
ments, s ince  t h e r e  could be no agreement with t h e  observed a l t i t u d i n a l  
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Figure 2 

Sections of Angular Radiation Dis t r ibu t ion  Curves Adjacent t o  
Horizontal Sighting Direction a t  D'ifferent Alt i tudes Recorded i n  
Ekperiments on June 6, 1963 (Upper Group) and June 18, 1963 

( b w e r  Group) 

pa t t e rn  of the  rad ia t ion  in tens i ty .  Since any influence from t h e  outer  
environment upon the  equipment ( f o r  example, heating or luminescence of /1.1-5 
t he  lens  mount due t o  recombination processes during a passage a t  spec i f ic  
a l t i t u d e s )  would na tu ra l ly  not depend on t h e  turning angle of t h e  equip
ment scanning attachments, s t r u c t u r a l  fea tures  of t h e  equipment would 
na tu ra l ly  be independent of a l t i t u d e .  Radiation of c a r r i e r  elements could 
not be constant with respect  t o  t h e  s igh t ing  angle of the  scanning system 
and t h e  observational a l t i t u d e  f o r  d i f f e ren t  c a r r i e r s  employed in our experi
ments between 1958-1963-

We would a l s o  l i k e  t o  note t h a t  during a l l  t h e  experiments performed 
with t h e  same apparatus, except f o r  t h e  f a c t  t h a t  it w a s  car r ied  on geophysi
c a l  balloons and rose only to an a l t i t u d e  of 30 lon, no rad ia t ion  was 
discovered from t h e  horizontal  d i r ec t ion  e i t h e r  during t h e  daytime o r  at 
night time. However, t h i s  rad ia t ion  was observed every time t h e  apparatus 
w a s  ca r r ied  on d i f f e ren t  types of rockets,  on high-a,ltitude geophysical 
s t a t ions  (HAGS), and always a t  the  same a l t i t u d e s .  This c l ea r ly  corroborates 
t h e  r e l i a b i l i t y  of the  apparatus and t h e  v a l i d i t y  of the  r e s u l t s  obtained. 
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Figure 3 

Al t i t ud ina l  Pa t te rn  f o r  Radiation In t ens i ty  Maxima i n  t h e  
Angular Region Adjacent t o  t h e  Horizontal Sighting Direction. 

Experiments i n  1958 (l), 1962 ( 2 ) ,  and 1963 (3) 

An in t e rp re t a t ion  of t h e  r e s u l t s  obtained l i e s  beyond the  framework 
of t h i s  study, s ince it can only be made by a ca re fu l  comparison of  new 
r e s u l t s  which we have obtained with a l l  o ther  da t a  on atmospheric proper
t i e s  which have been compTled up t o  the  presc:nt. 

However, we f e e l  it i s  use fu l  t o  perform c e r t a i n  calculat ions,  i n  
order t o  emphasize t h e  p o s s i b i l i t y  of combining t h e  new da ta  which we 
have obtained with other  information on t h e  atmosphere. A s  of t h e  
present,  we do not have r e l i a b l e  da ta  on the  atmospheric composition a t  
t h e  a l t i t u d e s  i n  which we are in te res ted  ( i n  pa r t i cu la r ,  with respect  
t o  neu t r a l  compound molecules and r ad ica l s  of t h e  NO, NH type) .  In  addi t ion,  
we do not have t h e  absarption coef f ic ien ts  of these  gases under highly 
r a re f i ed  conditions and tremendous thicknesses;  therefore ,  it i s  advanta
geous t o  inves t iga te  an atmospheric model which does not include absorbed 
gases between ernissive layers .  Generally speaking, an e n t i r e  group of  
models may be postulated; however, it i s  considerably more d i f f i c u l t  t o  
f i n d  c r i t e r i a  f o r  t h e i r  se lec t ion .  

It should be emphasized t h a t  t h e  a l t i t u d i n a l  and angular d i s t r i b u t i o n s  
of rad ia t ion  can agree only under t h e  assumption t h a t  t h e  r ad ia t ion  i s  
loca l ized  i n  d e f i n i t e  layers  (5-10 km), which a r e  located a t  c e r t a i n  a l t i 
tudes close t o  t h e  upper and lower boundaries of t h e  F ionosphere layer .  
We s h a l l  assume t h a t  t h e  thickness  of t h e  emissive layers  a t  a l t i t u d e s  of 
280, 420 and 500 km i s  - 5 km, and t h e  e f f ec t ive  v i s u a l  angle of t h e  
equipment ( w i t h  allowance f o r  aber ra t ion  and constant amplif ier  time) i s  
aibout 0.5". On t h e  other  hand, t h e r e  i s  pract ica , l ly  no absorption i n  t h e  
space between the  layers .  It i s  then possible  t o  calculake and compile 
t h e  r e l a t i v e  i n t e n s i t y  par t tern f o r  curves of the  angular r ad ia t ion  d i s t r i 
bution, assuming t h a t  t h e  i n t e n s i t y  i s  proport ional  t o  t h e  emissive layer  
length with allowancc f o r  r ad ia t ion  d i lu t ion .  Figure 4 presents  t h e  
calculated curves as wel l  as t h e  experiments1 (1963) curves. These curves 



were compiled i n  accordance with t h e  na ture  of t h e  seaanin.: system motion 
f o r  t h e  equipment used t o  car ry  out t he  experiment. During t h e  scanning, 
t h e  o p t i c a l  system of t h e  equipment moved up t o  t h e  hor izonta l  pos i t ion ,  
and then turned back again. Therefore, t h e  curves obtained a r e  syrmnetri-/116 
c a l  with respec t  t o  t h e  horizontal ,  and correspond t o  d i f f e r e n t  d i r e c t i o n s  
of motion f o r  t h e b o p t i c a l  systems during scanning. 

It can t h u s  be seen t h a t  t h e r e  i s  s a t i s f a c t o r y  agreement between t h e  
calcula,ted and experimental curves f o r  a l l  t h r e e  observational a l t i t u d e s  
(as we l l  as t h e  intermediate a l t i t u d e s ) .  The s m a l l  d i f fe rence  between 
these  curves can be explained 'by t h e  f a c t  t h a t  t h e  equipment does not 
record t h e  f i n e  s t r u c t u r e  of t r a n s i t i o n a l  sections,  and on t h e  o ther  hand 
by t h e  approximate nature of t h e  assumptions a?.vanced during t h e  ca lcu la
t i o n  regarding t h e  s i z e  of t h e  layers,  t h e i r  s t ruc tu re ,  t h e  dens i ty  
d i s t r i b u t i o n  i n  t h e  l aye r s  by a l t i t u d e ,  e t c .  Allowance f o r  a l l  of t hese  
f a c t o r s  can lead t o  more p rec i se  agreement between t h e  calculated and 
experimental curves. 

We pzrformed add i t iona l  computations f o r  t h e  model under consideration. 
These computations showed t h a t  f o r  c e r t a i n  reasonable assumptions t h e  exper
imental d a t a  provide jud ic ious  values f o r  t h e  temperature i n  t h e  emissive 
layers, t h e  number of unbalanced r ad ia t ion  ac t s ,  an i so t rop ic  r ad ia t ion  Ill7 
stream, e t c .  

(a) Concerning t h e  i so t rop ic  stream of radiaicion detected.  

For a l aye r  thickness of 5 km, t h e  length of t h e  emissive gas column 
along t h e  l aye r  . i s  about 500 km ( l imi ted  'by t h e  curvature of t h e  Earth).  
Thus, f o r  a measured flux of - lO-'w;cm -2, t h e  volumentric dens i ty  of t h e  
r ad ia t ion  i s  about 2*10-1%-cm-3 (10-ezg-sec-1 -em-3 ) , -md  t h e  i so t rop ic  
f lux  of one l aye r  i s  2*10-1%*cm-3*5.10 em = 10-4w*cm . Thus, t h i s  f l ux  
i s  about 0.07% of t h e  s o l a r  constant, and t h e  maximum f l u x  of a l l  t h e  
layers  can only be seve ra l  t e n s  of a percent of t h e  so l a r  constant ( a l so  
of t h e  r ad ia t ion  magnitude of t he  p l ane t ) .  

(b)  Concerning t h e  amount of unbaLanced r a d i a t i o n  processes. 

Assuming t h a t  t h e  r ad ia t ion  has a maximum i n  t h e  s p e c t r a l  region 
around 3-5 p, we have t h e  value -5*10-13erg f o r  t h e  quantum energy. I n  
accordance with t h e  standard atmosphere a t  an a l t i t u c e  of 280 km, we have 
2.109particle*cm-3 (Ref. 6). Thus, 1em3 r a d i a t e s  10-3erg-sec-1. Conse
quently, 1rad ia t ion  process per second corresponds t o  t h e  f l u x  which we 
obtained. 

( e )  Concerning t h e  nature of r ad ia t ion  detected.  

I n  t h e  s p e c t r a l  region where radia.tion i s  primarily concentrated 
(2.5-8.0 p), t h e r e  a r e  ro t a t iona l - f luc tua t ing  absorption bands of mole
cules  comprising t h e  atmospheric composition, p a r t i c u l a r l y  H,O, CO,, N20, 

q NO, CH4, e t c .  One of t h e  assumptions regarding t h e  r ad ia t ion  mechanism 



s t i p u l a t e s  t h a t  molecules of atmospheric gas are exci ted by  t h e  s o l a r  stream 
at  d e f i n i t e  a l t i t u d e s ,  and ro t a t iona l - f luc tua t ing  changes i n  t h e i r  enerFj  
spectrum are caused by t h e  rad ia t ion .  However, we have no d e f i n i t e  d a t a  
on t h e  n e u t r a l  composition of t h e  atmosphere at a l t i t u d e s  of 200-500 km. 
Only t h e  ion composition i s  known; it comprises a, s m a l l  por t ion  of t h e  
t o t a l  amount of p a r t i c l e s  (for example, t h e  concentration i s  about 0.1% 
a,t an a l t i t u d e  of 300 km [ R e f .  71). However, i f  w e  advance t h e  assumption 
t h a t  t he  ion composition r e f l e c t s  t h e  concentration of n e u t r a l  p a r t i c l e s  t o  
a c e r t a i n  extent ,  we can then  draw t h e  conclusion t h a t  NO molecules p lay  a 
dec is ive  r o l e  i n  r ad ia t ion  (at least at an a l t i t u d e  of 280 km). The 
concentration of NO ions a t  a l t i t u d e s  of about 200 km amounts t o  50% of t h e  
t o t a l  amount of a.tmospheric ions i n  severa l  cases.  The NO molecule has an 
in tense  absorption band a t  about 5.3 p (according t o  d a t a  i n  [Ref. 81). 
Thus, under these  assumptions t h e  concentration of n e u t r a l  NO molecules i n  
t h e  lower layer  can amount t o  and t h e  t o t a l  number of emissive 
p a r t i c l e s  i s  on t h e  order  of 500 km - f o r  t h e  pa th  length.  Not even 
these  assumptions may be advanced at present  regarding t h e  o ther  n e u t r a l  
molecules of t h e  upper a,kmosphere, which could r a d i a t e  i n  t h e  inf ra red  
region. 

- Rough est imates  have shown t h a t  t h e  e f f e c t i v e  temperature reaches 
2000’K for t h e  observed r ad ia t ion  in t ens i ty .  It should be noted t h a t  it 

i s  d i f f i c u l t  t o  determine any o ther  temperature, which has a physical  
meaning w i t h  respect  t o  t h e  r ad ia t ion  in t ens i ty ,  s ince  thermodynamic equ i l 
l ibrium (even l o c a l  equi l l ibr ium) i s  not present  under t h e  layer  conditions,  
and also t he re  a,re no data f o r  the  NO absorption funct ion f o r  such l a rge  
thicknesses  and low pressure.  The temperature can be obtained from t h e  
width of t h e  r ad ia t ion  l i ne ,  and f o r  t h i s  purpose-;he measurements must be 
performed with grea t  s p e c t r a l  resolving power (10 em-‘). 

We cannot exclude t h e  assumption of a more complex mechanism by 
which atmospheric molecules a re  exci ted a s  a r e s u l t  of photochemical 
reac t ions ,  recombinakion processes,  e t c .  However, at t h e  present time 
t h e r e  i s  no adequate basis for dis t inguish ing  between ce r t a in  mechanisms. 
Further s tud ie s  of t h e  s p e c t r a l  composition, t h e  l a t i t u d i n a l  d i s t r ibu t ion ,  
and o ther  c h a r a c t e r i s t i c s  of t h e  r ad ia t ion  detected a re  r e q u i s i t e .  /118 

(d)  Concerning poss ib le  energy sources exc i t ing  t h e  layers ,  and a l s o  
ind i r ec t  da t a  subs t an t i a t ing  these  sources. 

Estimates of t h e  electromagnetic so l a r  ra,dia,tion energy i n  d i f f e r e n t  
s p e c t r a l  regions show t h a t  t h e  r e q u i s i t e  f luxes (- 1000 erg-cm-” sec- l )  
cannot be obtained i n  t h e  X-ray and u l t r a v i o l e t  s p e c t r a l  regions.  On t h e  
o ther  hand, t h e  r e l a t ionsh ip  with s o l a r  a c t i v i t y  ind ica tes  t h a t  t h i s  i s  not 
due t o  exc i t a t ion  by r ad ia t ion  of t h e  v i s i b l e  s p e c t r a l  region. 

Thus, it must apparent ly  be assumed t h a t  t h e  emissive molecules are 
exci ted by corpuscular streams from t h e  Sun. According t o  d a t a  by  
McIlwain, t h e  corpuscular f luxes  reaching an a l t i t u d e  of 100 km comprise 
seve ra l  thousands of erg-sec- l -cm-2 , at l e a s t  during t h e  aurorae p o l a r i s  
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Figure 4 

Calculated and Experimental Sections of Angular Distribution Curves 

(in Relative Units of Intensity) For an Experiment on June 18, 1963 


(Ref. 9) .  At the higher regions, the influence of the radiation zones 
becomes possible (electron fluxes of several hundred of ergacm-' were re
corded in [Ref. 101). It is interesting to note that according to the data 
given by C . Stunner (the book "The Aurorae Polaris11)the aurorae polaris 
altitudes are grouped around 300-400km in the upper atmosphere regions 
illuminated by the Sun (according to altitudinal observations of more than 
10,000 aurorae between 1911-1944). 

We have already indicated above the possible dependence of the radia
tion from high atmospheric layers on so lar  activity. Since it is natural 
to assume that processes on the Sun have an influence on the intensity of 
infrared atmospheric radiation, particularly streams of solar corpuscular 

160 




radiation reaching the upper atmosphere of the Earth, we have given the 
 ' condition of the Sun and the magnetic field of the Earth below (depending 

on solar activity) for the days when rockets were launched. 


Particles and radiation emitted by flocculi and flares occurring

close to the central meridian of the solar disc have the greatest effect 

on the Earth's atmosphere. Therefore, the solar activity, in which we 

are interested, is characterized by the number and dimensions of the 

flocculi and flares occurring close to the center of the solar disc. 


The number of flocculi was estimated for 5/31-6/1 for the launch on 

6/6, and 6/11-12for the launch on 6/18, since the corpuscular streams 

emitted from the flocculi region are comparatively soft, and reach the 

Earth in 6-7days. Their influence on the Earth's atmosphere is primarily 

confined to high altitudes (1000km and above). 


The number of flares was estimated for 6/3-4for the experiment on 

6/6, and for 6/15-16for the experiment on 6/18. This is due to the fact 

that particles emitted during flares are considerably harder. 


Finally, ultraviolet and X-ray radiation is emitted during flares. 

This can be characterized by the number and intensity of flares at the 

launch time. 


The condition of the Ehrth's magnetic field at launch time is charac
terized by the KP-index - the planetary index of the magnetic field. 

Experitent on August 27, 1958. 
Sun. A storm related to a flare was observed for two days before and
-

during the experiment; Earth. Kp = 4-5. 
ExperiFent on June 6, 1963. 


-Sun. May 31-June 1 - small number of flocculi; June 4 - one very weak 
flare; June 6 - no flares; Earth. Kp = 0 between June 4-6. 

Experiment on June 18, 1963.
- _  

-Sun. June 11-12- significant number of flocculi; there were six 
flares for two days before this; Earth. Kp = 3.5 on June 18, which indi
cates perturbation of the magnetic field. 

The graphs shown in Figures 2-4show that in 1958 - the year of /ll9
maximum solar activity - there was considerably greater radiation from 
the higher upper atmosphere layers than during the 1962-1963experiments -
during years of a quiet Sun. In the 1963 experiments the radiation of 
the upper atmosphere layers on June 18 was considerably higher than on 
June 6, when it was insignificant. 

It can thus be stated that (naturally, taking the fact into account 
that there are still very few measurements) khere is a correlation between 
the infrared radiation of the upper atmosphere and flares close to the 
central meridian of the solar disc. 
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In our opinion, the research results are very important for formu

'lakingan opinion regarding the Earth's atmosphere. It is naturally 

impossible to indicate all the areas where we may employ the new data on 

the existence of upper atmosphere emissive layers, but several of them 

may be clarified: 


(a) Determination of the qualitative and quantitative composition of 
upper atmospheric gases (variable component) according to their radiation 
spectrum; ( b )  Verification of the hypothesis regarding the nature of the 
Earth's ionosphere; (e) Determination of temperature distribution in the 
thermosphere according to intensity and width of the radiation spectral lines. 
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IONOSPHEFE OF THE EARTH 
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The present section includes reports containing the results derived /122 
from a different type of research, primarily canducted in the outer at
mosphere by means of AES and rockets up to altitudes of 2OOO-3OOO km and 
above. The different data characterize the electron concentration (alti
tudinal distribution, spectra of heterogeneous formations, fluctuations), 
the ion composition, their total concentration and temperature, etc. in 
the ionosphere. Some reports include the results derived from measuring 
the spectra of low-energy electron fluxes in the ionosphere, their angular 
distribution at different altitudes and longitudes, data on the high-

energy proton distribution, etc. 


A small number of reports on radiowave propagation supplements this 

group of problems. 


The authors themselves selected the summary, as well as the data from 

the international literature wh5zh are presented in certain reports, the 

systemization of these data, and their interpretation. 


The overwhelming majority of the reports are purely experimental in 

nature. Different methods were employed, such as the probe method (mass 

spectrometers, electron indicators, charged particle traps, electron 

multipliers, Geiger counters), and radio physical research methods, par

ticularly employing coherent radio waves. Radio research comprises a 

significant portion of the studies included in this section. 


Among the experimental results given in the reports, we would like 

to point out, for example, measurements of the outer ionosphere composi

tion showing that during the observational period (1964)there was a 

rapid change from atomic oxygen ions to atomic hydrogen ions (in the 

9OO-l2OO km region) with a negligible helium content in the outer atmos

phere. We would also like to point out new data on the altitudinal

heterogeneous structure of the outer ionosphere. Electron concentration 

maxima were found (possibly, short-lived), the complete spectra of hetero

geneous formations were obtained for the first time, etc. It is interesting 

to note the results derived from measuring the angular distribution of 

low-energy electrons in different regions of the Earth, particularly in 

the southern anomaly region. 


It is well-known that Soviet scientists were the first to obtain re

sults on the ionosphere composition by means of mass spectrometers, on 

the ion concentration by means of probes ("traps"), and on the electron 

concentration behavior in the outer ionosphere by means of radiowaves. 

Soviet scientists were also the first to obtain data on streams of low-

energy corpuscles. The ionosphere investigations presented at the con

ference have led to the discovery of several very important facts. Par

ticularly, one fundamental fact which was noted above, is that atomic hydro

gen ions represent the main ionosphere component above 1000-1200km. These 

results, which are given in one of the reports, as well as other new data 

are on a level with present day research. 
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One of the most important problems of future research is the continua
tion of all types of experiments at great distances from the Earth's sur
face in order to obtain the altitudinal dependences of physical quantities 
which we are here discussing. Research on the region where the atmosphere 
of the Earth changes into the interplanetary medium is thus of fundamental 
importance. 

Concurrent measurements of different quantities by employing different 
methods on one craft represent another important task. For example, in 
light of results which have been obtained it is absolutely requisite to 
perform concurrent measurements of concentration and composition of parti
cles, the energy spectra of' electrons and ions in very low energy regions -
beginning f r o m  10-100ev - temperature, and other quantities. The time 
appears to be approaching when the foundation provided by experiments with 
AES will make it possible to formulate a theory for the formation of the 
ionosphere which will be more comprehensive than the theories existing 
today and which will encompass the main complex of phenomena occurring in 
+.heionosphere. 



ALTITUDINAL-TIME DISTRIBUTION OF THE ELFCTRON CONCENTRATION 
AND NONUNIFORM FORMATIONS OF THE OU'IXR IONOSPHERE 

Ya. L. Al'pert, V. M. Sinel'nikov 


1. Theoretical Premises 


The method which we have employed in recent years to study the ion- /123
osphere by means of coherent radio waves emitted from an artificial Earth 
satellite (Ref. 1, 2), as well as certain results derived from these studies, 
are given in (Ref. 3-5). The difference, measured in these experiments, 
between Doppler frequency shifts 6&(t) of two coherent radio waves at any 
point on the Earth's surface is directly related to the velocity components 
of the emitter, the electron concentration of the ionosphere, and its 
spatial-time changes. In general form, the formula for 6 i  (t) is given, 
for example, in the work (Ref. 5). 

The curves 6&(t), formulated on the basis of continous recordings of 
the phase difference of 6@(t) - in many cases, throughout the entire observa
tional period, or only in a certain portion of it and not at all points -
have nonregular quasi-periodic variations with periods from fractions of a 
second to several tens of .seconds (Fig. 1-3). These changes in 6&(t) - i.e., 
deviations in the curve 6@(t) from a flat pattern - are caused by the 
"cloudy" structure of the ionosphere - namely, by its small-and large-
scale nonuniformity. In certain cases, they may be possibly caused by . 

the nonstationary nature of the electron concentration throughout the 
time intervals equalling the variation periods of 66(t). This can be readily 
seen from a general formula connecting the measured quantity 6&(t) with quan
tities characterizing the electron concentration and with the velocity com
ponents of the emitter at each fixed moment of time t (see [Ref. 51 ) .  It can 
be shown from analyzing this formula that, as the emitter passes along the 
orbit above the observational point, the velocity components of the emitter 
k., and 2, change so that 6&(t) has the largest positive value during the 
ascent of the AES. Then, decreasing smoothly, as the observational point is 
approached it passes close to it through the point 66=0, and then - /124 
increasing in terms of absolute magnitude - it reaches a maximum negative 
value at the moment of descent. This is achieved if N = N(z) - i.e., if 
N is only a function of altitude, or if no significant role is played by the 
quantities taking into account the dependence of N on the horizontal coordi
nates x,y, and the time t - i.e., 

However, it can be seen from the curves shown ii? Figures 1-3 that, although 
the general nature of the expected change in 6-@(t) is retained, the quasi-
periodic changes, caused by the influence of the horizontal gradients 
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N(x,y, z), are superimposed upon it. 
I 
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Figure 1 

Comparison Of t he  Results Derived ?om Measuring the  Difference 
I n  the  Doppler Frequency Shifts 6 @ ( t )  A t  TWOPoints  I n  the  

Vicini ty  Of Moscow (1,2)According t o  D a t a  From "Elektron-1" 
On March 14, 1.964 

When analyzing the  curves 6 k > ( t ) ,  we s tar t  with the  following assumption, 
which we believe i s  d i c t a t ed  by simple phys ica l  concepts regarding the  
ioiiospliere proper t ies :  the  l i f e t i m e  or nonurilroriri formatic [is, t h e i r  d i f 
fusion a t  d i f f e r e n t  a l t i t u d e s ,  the d r i f t  of t he  nonuniformities, and regard
i n g  similar phenomena occurring i n  s t rongly- raref ied  ioncsphere plasma. J u s t  
as w a s  done i n  previous s tud ie s  (Ref. 3, 5 ) ,  w e  a,ssume t h a t  each quasi-
per iodic  cllrtn&e i n  d i ( t ) ,  recorded i n  the  form of  a. coritinuous recording of 
6 Q ( t ) ,  i s  p r imar i ly  and most f requent ly  caused by the l o c a l  change i n  t h e  
e l ec t ron  concentration - i . e . ,  when the e m i t t e r  i n t e r c e p t s  a nonuniform 
formation along the  AES o r b i t .  Then T0/2 charac te r izes  the  l i n e a r  dimension 
?o of the  nonuniformity, and the  deviat ion of n(6.1 represents  t he  change i n  
e l ec t ron  concentration (see Figure 3)  - i .e. , the  quant i ty  - Nd - No, 
where No i s  the unperturbed value of  N .  b2.5 

Thus, we start  with the  following assumption. I n  the f i rs t  place,  w e  as
siune t h a t  along the  line O f  s i gh t  # t h e  grad ien ts  3 and %, changing in terms of 
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magnitude and sign, are balanced on the average under the  i n t e g r a l  s ign.  
This i s  connected with the f a c t  t h a t  i n  the  ionosphere one of t he  nonuniform
i t i e s  i s  continuously replaced by another, due t o  t h e i r  s m a l l  l i fe t ime,  and 
the  d r i f t  of nonuniform formations occurs i n  d i f f e r e n t  d i r ec t ions  a t  d i f f e r 
e n t  a l t i t u d e s .  W e  can thus mathematically assume t h a t  t he  corresponding 
i n t e g r a l s  can be replaced by i n t e g r a l s  with respec t  t o  a l imited region i n  
the  v i c i n i t y  of t he  emi t te r  o r b i t .  It must ‘be kept i n  mind t h a t  t h i s  assump
t i o n  does not exclude the  f a c t  that the  l o c a l  inf luence of t he  nonuniformity i: 
not manifested along t h e  o r b i t ,  but r a the r  i n  any narrow, dis turbed region 
of $he ionosphere, which i s  f a i r l y  s t a b l e  with respect  t o  a l t i t ude ,  below t h e  
a l t i t u d e  of t he  emit ter .  Naturally, t h e  v a l i d i t y  of t h i s  assumption can be 
mainly demonstrated on the b a s i s  of experimental d a h .  A general  t h e o r e t i c a l  
proof of this assumption - or, on the other  hand, ref ,utat ion of i t  - cannot be 
s u f f i c i e n t l y  val id ,  because it depends on the  spec i f i c  form of the  dependence 
of e lec t ron  concentration gradients  on a l t i t u d e .  On the  other hand, t he  
experimental da ta  obtained on this b a s i s  can i n  themselves contain several  
arguments which re fu te ,  or - on the  other hand, which coincide with - the  
assumption employed. We have advanced the  corresponding arguments i n  favor 
of t h i s  assumption i n  previous wor?ss(Ref. 3, 5). However, t he  most r e l i a b l e  
proof of this assumption w i l l  be a comparison of the  da ta  obtained on the  non
uniform s t ruc ture  of t he  ionosphere with the  corresponding da ta  obtained ‘by 
means of other measurement methods under s i m i l a r  conditions.  

‘1-
L1 ?. 

v -

Figure 2 

Dependence Of 6m( t )  Obtained I n  MOSCOW (l), Sverdlovsk (2), 
And Novosibirsk ’ (3) During One Revolution (”Elektron-l”,  

March 2, 1964) 

In  the  second place, with the  processing method employed w e  did not 
d i s t inguish  between the  e f f ec t  of changes i n  9with time along the  wavea t  
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a N
t r a j ec to ry .  This i s  r e l a t e d  t o  the  f a c t  t ha t ,  i n  those cases when at dS 
causes r a the r  rap id  va r i a t ions in  6 6 ( t ) ,  t hepappea r  on this curve as 6 6 ( t )

aNduring the  b r i e f  influence of a t  j u s t  l i k e  t h e  influence of a nonuniform 

formation. It i s  hardly possible  t o  individual ize  these var ia t ions  i n  time, 

or t o  determine what ionosphere regions they encompass. However, dS /126 
i s  a slowly changing term i n  the  equation f o r  6 i ( t )  (see [Ref .  5]), since it 
does not depend on the  ve loc i ty  component and Only s l i g h t l y  inf luences the  
general  nature of t he  change i n  the  funct ion 6 i ( t )  with time. B e  nature of 
this change i s  pr imari ly  determined by the  rapid change i n  the  ve loc i ty  com
ponent of t he  emit ter  when it passes above the  observational point .  

B h  um 3 mZm 

figure 3 

Example Of the  Dependence O f  6 b ( t )  With Rapid Quasi-
per iodic  Changes. Moscow, “Elektron-l“, March 19, 1964 

Assuming t h a t  the  quasi-periodic changes i n  6 i ( t )  a r e  pr imari ly  caused 
by l o c a l  changes i n  the  e lec t ron  concentration Nd, we f ind  t h a t  t he  l i nea r  
di..nevsion of the  nonuniform formation intercepted by the  emit ter  i s  (see 
Figure 3): 



Such a determination of po i s  chosen condi t ional ly ,  keeping the f a c t  i n  
mind t h a t  i f  the  wave or ig in  i s  %onuniform, then i t s  wave length i s  
A = VoT, and not VoT/2. I n  addition, w e  can wr i te  the  dependence of the  
e lec t ron  concentration i n  the nonuniform formation under consideration i n  
the  following form 

:1'= iY0 (Z )  +A'd (A: ,  ?J,Z )  . 

Not r e s t r i c t i n g  ourselves t o  the  magnitude of Nd as compared with NO, and 

f o r  PO < zc and the  i so t rop ic  nonuniformities 

Ps = Pu = P, = p o p < z c  7 

we o'btain the  following formula, which determines Ndo (see [Ref. 61): /127 

where the  s igns f i n  t he  denominator are selected according t o  the following 
values xc/zc 1 and xC/zC > 1. 

I n  the  formulation of the  curves 6 $ ( t )  we have employed the following 
fact .  When t h e  emi t te r  passes above t h e  observer a t  each o r b i t a l  revolu
tion, there  i s  a point  a t  which 

Here and 5, represent  the  radial and v e r t i c a l  ve loc i ty  components of 
the  AES, respectively; cpc - the  angle 'between the  l i n e  of s igh t  and the  
normal t o  the Ea r th ' s  surface from the poin t  C,  where the emit ter  i s  located 
a t  a given moment. A t  the  point  where condition (3)  i s  sa t i s f i ed ,  the  formu
l a  connecting 66 with t e ionosphere parameters i s  s ign i f i can t ly  s implif ied.
I n  the  s ta t ionary  case(-9DJ - 0), we have: 

a t  

where and tal;! represent  two of the  emit ter  coherent frequencies (q > Q);  
W - the  frequency at  which the  quantity 6@ i s  recorded ( i n  our device 
W = 180.045 Mc);R0 - radius  of the  ear th;  Re = R, + zc - radius  vector con
necting the center  of t he  Earth with the  point  c; x and xc - horizontal  
spherical  dis tances  t o  the  normal ( rad ius  vector  R e )  i n  the  incident  plane 
from each point,  respectively,along the  l i n e  of s igh t  t o  the  surface of the  



Figure 4 
Photo-oscillogram of s i (%)When the  AES Passed Over the  Observational 

Point In  MOSCOW, “Elektron-lff ,  March 18, 1964 m 



Figure 4 
(Continuati on) 



Earth: aN (2:)is the horizontal gradient of the electron concentration along
8 

the line of sight in a direction normal to the incident plane. If the 
second component is excluded from (4), which is generally assumed in many 
cases (see, for example, [ Ref. 51 ), then - at the moment when condition 
(3) is fulfilled at the observational point - the recorded quantity66 directly 
determines the local electron concentration Ne around the source, i.e., for 
W 2  = 20.005 Me and W i =  90.0225 Me, in our formulation we have 

Some results derived from determining the electron concentration Ne by 

means of a ''shortenedtr
formula (5) are given below. These results are based 
on66 measurements in Moscow, Sverdlovsk, Novosibirsk, and partially in 
Tbilisi, of emission from the radio station "Mayak" placed on the AES "Elek
tron-1". Altitudinal curves Nc (z,t), which are investigated below, were 
constructed for the 430-1800km altitudinal range. During the observational 
period from February 1 to March 27, 1964, 52 curves of 6 4  (t) were obtained in 
Moscow; 78 - in Sverdlovsk; and 45 in Novosibirsk. On the basis of these 
curves, about 7,000 values for po were determined for thep, N 1-400km 
range. The smallest values of p, ,  which can be conveniently analyzed from ' I  

photo-recordings, are approximately-1 km (this corresponds to To/2 -0 .1  see). 

The maximum electron concentration deviations in nonuniform forma- /130

tions 


were calculated by means of formula (2). The measurement results were pro

cessed for only 41 observational periods in Moscow forpo<50 km. These 

results are presented below. 


2. Description of Results 


Figures 1-3 present the curves for66 (t), based on photo-oscillogram 
processing of&@(t). Figure 4 presents an example of such a photo-oscillogram. 
Figure 1 presents a portion of a simultaneous observation period near 
Moscow at 2 points which were several tens of kilometers apart. The AES 
orbit in this case was such that for both points the times at which the 
condition (Sc + k,/cos cpc)=O was fulfilled almost coincided (see the 
vertical arrows in Figure 1, on the time axis). It can be seen from Figure 1 
that the values of66 at both points (dots and crosses) very closely coincide. 
This agreement in the behavior of&&(%) for both Moscow points is almost al
ways observed. The dependences of&+ (t) recorded for one and the same AES 
revolution in Moscow, Sverdlovsk, and Novosibirsk (see Figure 2) show that, 
at sections of the curves 66(t) corresponding to one and the same observa
tional time, the variation in the 6 4  (t) behavior is almost always the same 
at different points. Random, quasi-periodic variations in64 (t) can be seen 
in Figure 3. 
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The dependences Nc(z,t) and N,(z,t) in Figure 5 and 6 were formulated 
on the basis of the electron concentrations Ne determined by means of 
formula (5) according to photo-oscillograms of 66(t) recorded in Moscow, 
Sverdlovsk, Novosibirsk and Tbilisi. For Moscow, the observational times 
pertained primarily to 12-13hours; for Sverdlovsk - to 10-14hours; and 
for Novosibirsk - to 12-15hours local time. The measurement results in 
Tbilisi were significantly less; they were employed to formulate the de
pendence N,(z,t) for z = 1100 - 1800 km. The main values of Ne, obtained 
at all the points; pertained primarily to points located to the north of 
the observational points at distances of 200-600km (see [Ref. 71). 

The set of values for po and 6N was processed statistically for the 
altitudinal regions of Az, = 100 km. Howeve? an examination of the data 
shows that the magnitude of po, 6N changes slightly through these altitudinal 
regions. In addition, there are few data for the altitudes zc > 1200 km. 
Therefore, the corresponding dependences are primarily formulated for two 
altitudinal regions of zc = 400-800and 800-1200km. These data are pri
marily recorded in a time interval'of-+1 hours with respect to midday 
(Ref. 6). 

The dependence Nc(z,t) of the electron concentration Ne on altitude is 
shown in Figure 5 (see [Ref. 71). For Mo;cow (dots and solid lines) and 
Sverdlovsk(crosses and dashed line), the curves for N,(z,t) are somewhat dis
torted by the cross-averaging of individual Ne values for discrete altitud
ina1,regions of 30-40km. The results derived from measurements in Novosi
birsk are smaller, and therefore each of the Ne values obtained for it are 
plotted directly in Figure 5 (triangles). In addition, the relative be
havior of Nc(z,t) at an altitude below 400 km, based on observational results 
from the AES "Kosmos" in 1962 (crosses) (see [Ref. 5]), as well as the mean 
behavior of N(z) in the lower ionosphere (dot-dash line) based on data /131
from an ionosphere station, are plotted in Figure 5. 

It can be seen from Figure 5 that the dependence Nc(z,t) has several 
alternating maxima and minima. They closely coincide with each other for 
all three points. The distance between the maxima and minima following one 
behind the other changes between 120-160km. The deepest minimum is at an 
altitude of zc z 620-630km. In the lower portion, the curves for N,(z,t) 
have one maximum. This first maximum of Nc(z,t), which is located above 
the main ionosphere maximum of Nm.ax~2,closely coincides with the maximum 
of N,(z,t) which we observed previously during similar processing of Ne 
measurement results from the AES "Kosmos" for several days in April, 1962 
(see [Ref. 53).  The general tendency of Ne to decrease with altitude (see 
Figure 5) - if it is described by the secant curve which averages the quasi-
periodic changes in Nc(z,t) (curve a), or by the tangent to the minima of 
Nc(z,t) (curve b) - closely coincides in general with the individual alti
tudinal curves of N(z) obtained at different points for definite moments 
in time by means of a high-altitude rocket (Ref. 8), the AES "Alouette" 
(Ref. 9), and also by noncoherent radio wave scattering in the ionosphere 

(Ref. 10). 




Dependence O f  Unit Values O f  t he  Electron Concentration 
N,(z,t) On Alt i tude,  Based On lhta From "Elektron-l", 

February 17-March 27, 1964 
1 - For Novosibirsk; 2 - f o r  Moscow; 3 - f o r  Sverdlovsk 

The averaging of a l l  values f o r  N, over l a rge  a l t i t u d e  regions /133
Az x 100 km leads t o  an averaged, smoothed curve f o r  N T T ,  i n  which the re  
i s  only one c l e a r l y  expressed m a x i m u m  above t h e  main maximum of the  ionosphere 
rJmaxpa a t  an a l t i t u d e  of zc - 800 km, and a minimum a t  an a l t i t u d e  of 600 km. 

~. . -. , - -

the  ind iv idua l  curves f o r  N(z) are p lo t t ed  i n  t h i s  figure; they were obtained 
r ecen t ly  by noncoherent s c a t t e r i n g  of r ad io  waves (Ref. 10) by means of t he  
ionosphere impulse s t a t i o n  on the  AES "Alouette" ( R e f .  9 ) .  The curves f o r  
N i  f (z), obtained by means of a high a l t i t u d e  rocket  ( R e f .  111, are a l s o  
p lo t t ed  i n  t h i s  f i gu re .  Results derived from measurements i n  T b i l i s i  above 
1100 km are u t i l i z e d  i n  t h i s  figure. 
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Figure 6 


Smoothed Dependence of Electron Concentration Nc(z,t) According 

to Data from "Elektron-l", and Altitudinal Dependences of 


Ne(z) and N;( z) Obtained in Other Experiments 


1 - m,10 hours-15 hours, February-March, 1964, "Elektron-1"; 
2 - Ni(z), 1 hour minutes, April 12, 1961, rocket, Cape Canaveral 
(Ref. 11); 3 - N(z), 14 hours 55 minutes, September 5, 1964, nonco
herent scattering, Peru (Ref. 10); 4 - N(z), 16 hours 14 minutes, 
October 1, 1962, AES "Alouette", Singapore (Ref. 9). 

As we can see, the altitudinal-time pattern of Nc(z,t) shown in Figure 5 
for a set of individual values of N,, corresponding not only to different 
altitudes zc, but also to different coordinates of the AES and to a different 
time t - both for a day and a month - has led to a dependence of electron 
concentration on altitude which is new in qualitative terms. Along with the 
quasi-periodicity of Nc(z,t), one of its important features is a deep minimum 
for z 620-630km, located approximately in the middle portion of the entire 
altitude range. 

Curves were constructed for the distribution of nonuniform linear dimen
sions on the basis of data for Po 
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Figure 7 


Spectra W ( p o )  of Nonuniformity Dimensions in the Altitudinal Ranges 

a - for 400-800km; b - for 800-1200kr 

They are given with respect to all three observational points and altitud
inal ranges zc = 400-800and 800-1200km in Figure 7. When the curves for 
W ( P o )  were drawn, the "weights" for ai were taken into account - i.e., 
the fact that the over-all recording time of 6@(t) changes for different 
altitudinal ranges and different observational points. It is assumed that 
the observational time in Moscow at an altitude of 400-800km has the 
"weight" ai = 1. A l l  the remaining values of ai pertain to this value. 

I . . . .  . .  ..., .....-.,...,. , - , , 



Eastern Longitude (degrees ) 

Figure 8 

Dependence of Relative Number of Nonuniform Formations 
Having Dif fe ren t  Dimensions po Upon Longitude A t  Different  Al t i tudes  

a - f o r  z -400-800km; b - f o r  z - 800-1200km. 

The dependence (Figure 8) of -the r e l a t i v e  nm'ber of nonuniformities 

was determined as a function of longitude, i n  accordance with the  character
i s t i c s  (which a re  apparent on the  spectra  of W ( g o ) )  f o r  i n t e r v a l s  of Apo 
equal l ing:  1-6km, 6-100km, 100-400km f o r  dLscrete longitudina,l ranges 
of: = (25-3519 (35-451, (45-5517 (55-651, (65-751, (75-85) and (85-95)"E

/1.34and t h e  l a t i t u d i n a l  i n t e r v a l  of QI +(43-62)ON. 

Curves were a l s o  obtained for Moscow showing the  d i s t r i b u t i o n  of 
e lec t ron  concentration deviat ion as a funct ion of nonuniform formation 

, dimensions po, namely, t h e  dependences 
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Distri 'bution of Relative Fluctuation O f  Electron Concentration 
&/No A t  Different  Alt i tudes z For Nonuniform Formations 

1 - f o r  z = 400-800~IU; 2 - z = 800-1200km. 

f o r  two a l t i t u d i n a l  ranges (Figure 9 ) .  When t h e  un i t  values of 

AN = Ndo- No were calculated 'by means of formula (2), the  mean a l t i t u d i n a l  

dependence N,(z) =Nc(Z,t) w a s  employed, which w a s  obtained i n  the  same ex

periments (see Figure 6) .  The quant i t ies  6N( po ) and hi(A) were a l s o  

determined by taking the "weightsrr i n t o  account (see [Ref. 61). 


3. Discussion O f  Results 

Iet us b r i e f l y  descr ibe the  r e s u l t s  o'btained. Naturally, the  main prob
lem i s  the recurrence of t he  ionosphere proper t ies  discovered and the  subse
quent ve r i f i ca t ion  of them. I n  pa r t i cu la r ,  t h i s  w i l l  be accomplished a f t e r  

i rt he  r e s u l t s  derived from observations on "Elektron-1" and Elektron-3" have 
been processed. It i s  a l s o  important t o  examine the  experimental da ta  
obtained by other  methods, and t o  determine the re la t ionship  between the  

.._... .... _.. ..... .. .. . . . .. ._. ....-.....-.-....., , 



described r e s u l t s  and any other type of ionosphere phenomena which are a n t i 
cipated, or which are already known. This w i l l  make it possi'ble t o  explain 

' them more f u l l y .  It i s  advantageous to po in t  ou t  t h e  following f a c t s ,  
'based on the  considerations given above. 

1. If for any reason - p a r t i c u k r l y ,  t he  reasons given below -
t he re  i s  an excess amount of e lec t rons ,  as compared with the  nonperturbed 
value of Eo, i n  d e f i n i t e  l o c a l  regions of t he  ionosphere f o r  brief periods 
from time to time - or, l e t  us say, i f  the re  i s  a 'bunching of e lec t rons  i n  
one region, and an evacuation of e lec t rons  i n  t h e  region adjacent to it, i n  
two regions simultaneously - then t h i s  s p a t i a l  l a w  can 'be o'bserved during 
long measurements. I n  t h i s  sense, it can be assumed t h a t  t he  dependence 
N c ( z , t )  produces a l o c a l  v a r i a b i l i t y  i n  the  e l ec t ron  concentration, which 
has a constant influence i n  terms of a l t i t u d e ,  but which does not necessar i ly  
have a constant influence i n  terms of t i m e .  Thus, i f  the  regions of N, (z , t )  
m a x i m a  a r e  caused by an in f lux  of e lec t rons  i n t o  t h i s  por t ion  of t he  iono
sphere from other ionosphere regions which a r e  far  away, then the  nonper
turbed d i s t r i b u t i o n  of N o ( z )  - which i s  pr imar i ly  observed during an 
ind iv idua l  rapid measurement of a l t i t u d i n a l  dependence - can c lose ly  coincide 
with a curve which i s  tangent t o  the  minima of Ne (z, t ) (curve b i n  Figure 5). 

If the  m a x i m a  and minima of N c ( z , t )  a r e  i n t e r r e l a t e d  and a r e  caused by 
r e d i s t r i b u t i o n  of a quantity of p a r t i c l e s i n  adjacent regions - or, f o r  
instance,  i f  they a r e  caused by the  f a c t  t h a t  t he  recombination ve loc i ty  
increases  i n  one region and decreases i n  another region - then the  nonper
turbed dependence of N o ( z )  can be apparently described by the  curve a i n  
Figure 5, or by the  curve shown i n  Figure 6. 

2 .  It i s  poss ib le  t h a t  t he  quasi-periodic na ture  of the  change i n  
N c ( z , t )  i n  t he  outer  ionosphere i s  caused by the  f a c t  t h a t  the plasma o s c i l 
lates from t i m e  t o  t i m e  i n  t h e  region under consideration, longi tudina l  /135
plasma waves a r i s e ,  and standing waves having a length of 120-160km are 
es tab l i shed  between the  two regions, playing the  r o l e  of " r e f l e c t i n g  bound
a r i e s ' ' .  One of such ''walls" may be, for example, one of the  regions of temper
a t u r e  minima i n  t h e  l o w e r  ionosphere, where the  temperature grad ien t  dT/dz 
g rea t ly  increases and changes sign. A s  i s  known, t i d a l  phenomena i n  the  
ionosphere, caused by the  force  of g rav i t a t ion  of t h e  Moon and the  Sun 
(Ref. E?),can be explained by the influence of these 'ha l l s ' l .  It i s  possible 
t h a t  i n  the  case of z x 1000 - 1100 km t he  " r e f l ec t ing  boundary" from above 
i s  t h e  region where a rap id  change i n  the  ionosphere composition i s  observed 
on the  basis of recent  da t a  - t he  conversion from atomic oxygen i n i t i a l l y  t o  
helium and then t o  hydrogen. The mass of the  p a r t i c l e s  changes by a f a c t o r  
of 16, and t h i s  means t h a t  there  i s  a la rge  grad ien t  of t he  mean thermal 
ve loc i ty  of t he  p a r t i c l e s  dvi/dz. The t o t a l  number of "nodes" and "an t i 
nodes" must n a t u r a l l y  depend on the  nature of the  of t he  
plasma between the  w a l l s ,  as we l l  as on the  s t r u c t u r e  and thickness of t he  
" r e f l ec t ing  walls" and other conditions. Waves of t h i s  type must have a 
hydrodynamic nature, s ince  t h e i r  length ~ 1 2 0- 160 km i s  approximately 
100 times g rea t e r  than the  mean f r e e  path of ions  i n  t h i s  region of the  
ionosphere. The frequency W of the  e lec t ron  f luc tua t ions  of these  waves 
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4~d!Te21 
can be similar' t o  t h e  plasma frequency "b = (-For can l i e  within the  
region (q f %) where % i s  the  gyrofrequency of e lec t rons .  

However, t he re  i s  another possible  explanation of the  curve f o r  Nc(z,t).
For example, l e t  us assume t h a t  the  plasma i s  exci ted from t i .mct  to time i n  

d e f i n i t e  ionosphere regions which a r e  loca l ized  i n  terns of l a t i t u d e  and longi
tude, primar.ily a t  low a l t i t u d e s ,  and t h a t  rapid e lec t rons  a r e  generated. 
Then, being channeled along the force l i n e s  of t he  Earth 's  magnetic f i e l d ,  
these e lec t rons  form the  llzonaltrs t ruc ture  of the ionosphere. The v e r t i c a l  
cross  sect ion of such a "tubular" s t ruc tu re  can lead t o  the  a l t i t u d i n a l  de
pendence of Nc(z, t )  which i s  obtained. 

3. The scheme given above, which has been presented i n  order t o  i l l u s 
t r a t e  a possible  explanation of the  dependence of Nc(z , t )  described above, 
as wel l  as the majori ty  of other  similar hypotheses, assume? as we can see 
t h a t  the  observed dependence of Nc(z,t)  i s  due t o  a per turbat ion of the  ion
osphere plasma, t he  exc i t a t ion  of plasma waves i n  it, the  appearance of 
rap id  e lec t rons  i n  these regions, and s i m i l a r  e f f e c t s .  Therefore, it m u s t  
be assumed t h a t  the a l t i t ud ina l - t ime  d i s t r i b u t i o n  of e lec t ron  concentration 
which i s  obtained i s  accompanied by a l o c a l  disturbance of the  balanced 
Maxwell d i s t r i b u t i o n  of e lec t ron  ve loc i t i e s ,  by an increase i n  t h e i r  tempera
ture ,  e t c .  Local heat ing of the  plasma as a whole can even be expected. The 
concentration of pos i t i ve  ions can change very l i t t l e .  Final ly ,  the quasi-
n e u t r a l i t y  of the  plasma i s  disturbed, an e l e c t r i c  f i e l d  i s  formed, and 
cur ren ts  and o ther  e f f e c t s  appear. n u s ,  for a fu tu re  ana lys i s  of the  d i s 
t r i b u t i o n  of N c ( z , t ) ,  and f o r  v e r i f i c a t i o n  of the f a c t  t h a t  it occurs regu
l a r l y ,  the compilation of s c i e n t i f i c  information i s  necessary, and it must 
be determined whether this type of e f f e c t  with a corresponding a l t i t u d i n a l  
d i s t r i b u t i o n  - or i n  l o c a l  ionosphere regions i n  general  - i s  observed i n  
a d i f f e r e n t  type of ionosphere research using AES. 

4. A s  we have seen above, when experimental da ta  a r e  processed, a 
formula i s  employed i n  which the component describing the i n t e g r a l  e f f e c t  of 
the  e lec t ron  concentration gradient  i n  the d i r ec t ion  normal t o  t h e  inc ident  
plane i s  excluded. I n  t h e  f l a t  approximation, t h i s  component of t h e  d i f f e r 
ence i n  the  Doppler frequency s h i f t  i s  

(see formula (4) and ( 5 )  a s  wel l  as the  work [Ref. 51).  Let  us now assume /136 
t h a t  t he  quasi-periodic changes i n  Ne( z ,  t) ,  calculated a,ccording t o  the  
"shortened" formula (5), a r e  caused by the  f a c t  t h a t  the  component (10) has 
not been taken i n t o  account. The e lec t ron  concentration gradient  aN/ay must 
then be an a l t e r n a t i n g  funct ion dependin on a l t i t u d e ,  and must change accord
ing  t o  o s c i l l a t i o n s  of t he  curves f o r  N c T z , t )  (see f igu re  5 ) .  kt us now 
assume, f o r  purposes of brevity,  t h a t  the  r e a l  desired dependence of the  
e lec t ron  concentration i s  the  curve a, and we r ead i ly  f i n d  from the observa
t i o n a l  r e s u l t s  t h a t  the  e lec t ron  concentration gradient  over every 60-80 km 
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changes on the  average within the limits: 
-
!!2 ( I  -2) .IW electron. m - 3 .  s . I c - 1 .  w 

This i s  a very s t rong e f f ec t !  A s  w e  can see, it then leads t o  the  assump
t i o n  of a s t ra to-quasiper iodic  s t ruc tu re  of the  processes i n  the  outer  
ionosphere. I n  pa r t i cu la r ,  it a l s o  leads to the  assumption of the  presence 
of a complex type of hor izonta l  waves or streams i n  the  plasma, as w e l l  as 
s imi la r  phenomena, i .e. , t o  t he  assumption of ionosphere proper t ies  which 
have been unknown up u n t i l  the  present .  

5. The smoothed-averaged dependence of Nc(Z,t) and the  curves f o r  the 
equa to r i a l  region of North America ( L i m a  i n  Peru) and north of the equator 
(Singapore) (see Figure 6) draw a t t en t ion  t o  the  following f ac t s :  

I n  a l l  th ree  curves, a rap id  increase i n  the  logarithm inc l ina t ion  of 
the e lec t ron  concentration 1g.N can be r ead i ly  seen i n  a ce r t a in  a l t i t u d i n a l  
region, which can be noted i n  Figure 6 by the  tangents t o  d i f f e r e n t  branches 
of these curves. If it i s  assumed per minute t h a t  N ( z )  - Noexp(-z/H), where 
H = kT/Mg i s  the  given a l t i t u d e ,  then t h i s  change i n  the inc l ina t ion  of 1 g N  
d i r e c t l y  poin ts  t o  a rap id  change i n  the r a t i o  of temperature t o  ion  mass 
T/M. It i s  found f o r  Moscow, Peru, and Singapore t h a t  T/M increases  by 9.5;
6.8; and 6 times, respect ively.  A t  the  present  time, it i s  known t h a t  above 
1200-1400km the  ionosphere pr imari ly  cons i s t s  of atomic hydrogen, and a t  
a l t i t u d e s  of 400-600km - of atomic oxygen 01. This means t h a t  the  inc l ina 
t i o n  of the  curves f o r  N(z) w i l l  change by a f a c t o r  of 16, i f  the temperature 
remains constant.  The p a t t e r n  of these curves thus i n d i r e c t l y  ind ica t e s  not  
only a s ign i f i can t  decrease i n  the  mass M above 800-1000km, but a l s o  a rapid 
temperature increase .  It i s  apparently cor rec t  t o  assume the  disturbance of 
'balanced Maxwell d i s t r i b u t i o n  of the  p a r t i c l e  ve loc i t i e s ,  and an in t ens i f i ca 
t i o n  of the  " ta i l"  r o l e .  However, a comparison of these curves ca l l s a t t en 
t i o n  t o  a very s ign i f i can t  f a c t .  I n  d i f f e r e n t  cases - i . e . ,  a t  d i f f e r e n t  
periods of time - the  regions of a rapid change i n  the  inc l ina t ion  of t he  
curves f o r  l g N ( z )  occur a t  d i f f e r e n t  geographical po in ts  - i . e . ,  changes i n  
the composition and temperature of the ionosphere occur a t  d i f f e ren t  a l t i 
tudes (according t o  Figure 6, f o r  z = 700, 900 and 1200 km, respec t ive ly) .  
This i s  a new piece of information which, apparently,  can be extracted from 
a s i m i l a r  type of ana lys i s  of the  asymptotic behavior of the  smoothed depen
dence N , ( z , t ) .  

It should a l s o  be noted t h a t  i n  the a l t i t u d i n a l  region of 
z = 1200 - 1800 km the  e lec t ron  concentration changes within the  l i m i t s  of 
(1- 4)*104emm3. Similar values were a l s o  obtained i n  (Ref. 11) f o r  the 
concentration of pos i t i ve  ions on rockets i n  1961, during the night  time a t  
Blue Scout 28 No ( see  Figure 6 ) .  However, a l l  of these  da ta  exceed the  concen
t r a t i o n  of pos i t i ve  ions a t  these a l t i t u d e  by a f a c t o r  of approximately 10-20; 
these  concentrations a r e  given i n  the work (Ref. 13) .  This d i spa r i ty  provides 
not only a quant i ta t ive ,  but a l s o  a qua l i ta t ive ,  r e fu t a t ion  of the  rapid 
change i n  the  ionosphere composition - the  conversion of atomic oxygen t o  
atomic hydrogen. We s h a l l  assume t h a t  t h i s  d i s p a r i t y  i s  r e l a t ed  t o  an e r r o r  
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in the data given in (Ref. 13) (see [Ref. 143). 


6. The spectra of W ( p o )  have the following characteristics. 

At all altitudes and at all points there is an extensive and clearly-
expressed maximum in the pmax = 15-30 km range (see Figure 7). This /137 
wide maximum of po encompasses two maxima regions pmax = 16-18and 28-32 
km, discovered previously at low altitudes zc = 250-430km by means of 
the AES "Kosmos" (see [Ref. 3, 51). Apparently, two maxima merge into 
one at these altitudes in the outer ionosphere. The distribution of W(p0) 
also has the maximum Pma, M 7-10km. It is not clearly expressed. In 
addition, it is observed on almost all curves of W(po). 

In regions of very small po the well-known tendency of several nonuni
formity dimensions to increase in the vicinity of pmax - 2-4km is clearly 
expressed. It is very important that at altitudes of zc = 800-1200km, 
and when z c  > 1200 km, the nonuniformities po < 5-6km practically dis
appear, in general. The result obtained in Sverdlovsk comprises am exception 
to this. However, a more detailed analysis of the experimental data for 
Sverdlovsk shows that the values of po 5 5-6km, in the case of zc = 800
1200 km,were only observed for a few days, when there was an unusually 
large number of nonuniformities which were small in size. The fact is not 

excluded that these observational periods correspond to certain conditioiis 

of ionosphere perturbation. However, we have not yet clarified the criteria 

for such perturbations- let us say,the excitation of a small number of non

uniform formations. 


7. The distribution of p0 dimensions in terms of longitude shows (see 
Figure 8) that the number of nonuniform formations is not the same at dif
ferent longitudes. There are geographical regions where it increases sig
nificantly. Thus, for example, in the = 70°E region the distribution of 
small nonuniformities P, d 6 km and of large-scale nonuniformities 
P o  M 100-400km has a clear maximum in the case of zc = 400-800km. At 
an altitude of zc = 800-1200km the distribution of P o  is different. 

8. Disturbance of the electron concentration 6N in the nonuniformity 
dimension range of Po = 6-50km is observed in 22% of the cases for small 
values of 6N - 0.005 and, decreasing, it equals 1-2% for 6N = 0.5 (see 
Figure 9). There is thus a certain maximum for 6 N Z  0.05-0.1-5. Small non
uniformities p o  d 6 km have, in the case of zc = 400-800km,a more clearly 
expressed maximum for 6 N  M 0.08-0.35. These maxima may possibly p.ointto 
a certain regular mechanism in the excitation of nonuniform formations. In 
certain cases, values of 6 N  2, 1 are observed. In our experiments, such 
large disturbances of the electron concentration were determined for 30 non
uniform formations out of a total number of 1100, for which the values of 
6 N  were calculated. In these cases, the electron concentration Ndo changed 
within the limits of +(0.5-1.7) No and - ( Q > l . 7 ) N o ,  i.e., strong disturbances 
of the electron concentration occurred. They correspond to values of 
P o - 2-10km and altitudes of zc = 400-800km. 
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I n  conclusion, t he  authors would l i k e  t o  express t h e i r  appreciation t o  
the following indiv idua ls  f o r  t h e i r  ass i s tance  i n  performing these observa
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a l s o  l i k e  t o  thank L. N .  Vitshas, Yu. G. Ishchuk, V. I. Krayushkinoy, F. U. 
Mukhamadeyevoy, A. A. Kharybinoy for processing the  experimental data. 

.I. Al'per t ,  Ya. L. Uspekhi Fizicheskikh Nauk, 64, 3, 1958; 71, 369, 1960. 

2. 	 Al 'per t ,  Y a .  L., Belyanskiy, V. B.,Kutyakov, A.  F. Geomagnetizm i 
Aeronomiya, 3, 167, 1963. 

3. 	 Al 'per t ,  Y a .  L., Belyanskiy, V. B., Mityakov, N. A. Geomagnetizm i 
Aeronmiya, 3, 10, 1963. 

4. 	 Mityakov, N. A.,  Mityakova, E. Ye ., Cherepovitskiy, V. A. Geomagnetizm 
i Aeronomiya, 3, 816, 858, 1963. 

5. Al'per t ,  Ya .  L. Ge0magnetiz.m i Aeronomiya, 4, 479, 1964. 

6. 	 Al 'per t ,  Y a .  L., Vitshas, L. N., Sinel'nikov, V. M. Geomagnetizm i 
Aeronomiya, 5, No. 4, 840, 1965. 

7- Al 'per t ,  Ya. L., Sinel'nikov, V. M. Geomagnetizm i Aeronomiya, 5, No. 2, 
209, 1965. 

8. Jackson, J. E., Bauer, S. T. J. Geophys. Res., 66, 3055, .1961. 

9. 	 King, J. W., Smith, P. A., Eccles,  D.  Radio Res. S t a t .  , Doc. N RRS/I.M. ,
94, K, 112, 1963. 

10. Parley, D. T., Bowels, K. L. Nat. Bur. Stand. Rep. NBS, 8489, 1964. 

11. 


12. Weeks, K.,  Wilkes, M. V. F'roc. Roy. Soc., 192, 82, 1947. 

13 Gringauz, K. I. I n  "Iskusstvennyye Sputniki Z e m l i ' ;  I z d a t e l '  s tvo AN SSSR,
NO. 32, p. 105, 1962; see also NO. 6, 108, 1961, and others .  

14. Al'per t ,  Ya.  L. Geomagnetizm i Aeronomiya, 5, No. 4, 865, 1965. 

184 




CERTAIN KEslTLTS OF IONOSPHERF: STUDIES USING ARTIFICIAL 
EARTH SATELLITES AND GEOPHYSICAL ROCKETS 

V. A. Misyvra, G. K. Solodovnikov, 
Y e .  B. Krokhmal'nikov, V. M. Migunov 

The present  a r t i c l e  presents  t h e  r e s u l t s  derived from radiophysical  /1_.38rrs tudies  of the outer  ionosphere using AES "Kosmos-ll", Electron-1" t o  a 
c e r t a i n  extent, and geophysical rockets .  
d i f fe rence  of Doppler frequencies a t  coherent frequencies,  as wel l  as the  

The method employed measured the  

method of recording the  so-cal led r o t a t i o n a l  Doppler e f f e c t  (Faraday e f f e c t )  
a t  f ixed  frequencies simultaneously a t  one or severa l  po in ts .  

Method For Processing Measurement Results 

The d i f fe rence  i n  the  Doppler frequency s h i f t s  of two coherent r ad io  
waves 6, emitted by the AES, and the  frequency (ve loc i ty )  of ro t a t ion  of the 
r ad io  wave polar iza t ion  plane i n  the  ionosphere, caused by the Faraday e f f e c t  
@F,weredetermined d i r e c t l y  from the  experiment. 

When the  dependence of the r e f r ac t ion  coe f f i c i en t  of the ionosphere 
n(n" = 1+ a )  on three  coordinates and time i n  the f i r s t  approximation with 
respec t  t o  the  magnitude of d are taken i n t o  account, the  expressions for 
them, and a l s o  the  expressions f o r  the  i n t e g r a l  u a n t i t i e s  @ and @FCorres
ponding t o  them, have the  following form (Ref. 17: 

0 n 

The following nota t ion  i s  introduced here: R - distance from the emi t te r  t o  
the  receiving point ;  vR and vTB- radial emit ter  ve loc i ty  and emit ter  velo
c i t y  which i s  t ransverse t o  the  r a d i a l  d i r ec t ion ;  
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f and f - working frequency and longi tudina l  components of gyrofrequencg. /139
i n  Me; % - e lec t ron  concentration of t h e  ionosphere i n  e l e ~ t r o n * c m - ~-10,
AL - phase lag of r ad io  waves; N ~ L  t o t a l  number of e lec t rons  i n  a tube of-
u n i t  cross  sec t ion  along t h e  l i n e  of observation; k - coe f f i c i en t  depending 
on t h e  r e l a t ionsh ip  between emitted frequencies;  t h e  index B pe r t a ins  t o  t h e  
e m i t t e r  . 

Figure 1 

The coordinate system shown i n  Figure 1 i s  u t i l i z e d  here ( the  x1 a x i s  
i s  d i rec ted  along the  tangent to the  l i n e  of observation at paint  A ) .  

Expressions(1) and ( 2 )  can be r ewr i t t en  as follows: 

The values of I and 11 can be c l e a r l y  determined from (1) and ( 2 ) .  They 
charac te r ize  t h e  d i s t r ibu t ion  of e l ec t ron  concentration gradients  which a r e  
t ransverse t o  the  l i n e ,  as wel l  as t h e  nonstationary nature  of t h e  
ionosphere . 

I n  the  case of a s ta t ionary  ionosphere, t he  express iors for  6 and & 
have the  following form: 

Here v m  i s  the  pro jec t ion  of the emitter ve loc i ty  on the  l i n e ;  e -
i s  the angle between the  l i n e  and t h e  r a d i a l  emitter ve loc i ty  a t  t he  
po in t  where it i s  determined. 

Comparing the  equation ( 5 )  or (6)  through t h e  time i n t e r v a l  A t ,  i n  
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. which C ~ Band I can be assumed to change very slightly as compared with the 
changes in VR and v B, one can subsequently solve (5) and (6)by pairs 
with respect to Q B  f o r  NB) and I. A solution of each pair of equations 
determines the average (over the time interval At) value of the local elec
tron concentration NB and the interval I successively along the orbit. 

For a stationary ionosphere, the local electron concentration can be 
determined directly from (7)or (8). However, the fact must be taken into 
consideration that in the region of the parameter point (where vR.= 0), 
formulas (7)and (8)are unsuitable, since in this case the quantity @ 
(and, correspondingly, @F) is primarily determined by the integral term 

If the difference frequency 6 is measured directly, one can determine 
the integral gradient of the electron concentration N,L along the line 
(Ref. 2). The expression for the gradient is determined by differentiating 
expression (3) with respect to the orbital element ds = vdt, where v - /140
is the satellite velocity: 

The behavior of the gradient as a function of the satellite observa
tional time (and, consequently, as a function of the geographical coordin
ates) makes it possible to a certain extent (particularly when the depen
dence NB(t) is present at the same time) to formulate a judgement regarding 
the structure of the entire ionosphere stratum below the satellite (Ref. 1-3). 

l'!ie qiintiti ty Q oiit Tined from the experiment can have bo th  a regular, 
and a nonregulm component. The nonregular component is caused by nonuni
formities of electron concentration in the ionosphere, primarily those which 

are located along the satellite orbit (Ref. 3, IC). Therefore, it is possi

ble to determine t h e  nonuniformity dimensions by plotting F(t). The same 
statement can be mide with respect to the quantity QF. Histograms of iono

sphere noriuriifomity tlimensions were constructed from a large number of 

recorditigs, arid their dependence on the time of year, the time of day, the 
cycle of s o l a r  activity, etc. was determined. 

If Q and @Fare measured simultaneously in the altitudinal region of 
the emitter ZB, by means of (ha) it is possible to determine no^ as a func
tion of ZB in this altitudinal region, as well as the "mean" vertical profile 
of the ionosphere as described below. 

The method employed to determine the vertical profiles of the electron 
concentration f o r  a regular ionosphere, the horizontal gradients of these 
profiles, and the altitudinal distribution of the integral electron concen
tration gradients is briefly as follows (Ref. 5). 

The recordings obtained at two or more points which are spaced apart 
are employed. The indeterminacy in determining the total number of elec
trons along the line no^) is eliminated by employing the angle QF for the 
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polar iza t ion  plane r o t a t i o n  caused by the  Faraday e f f e c t ,  or by employing 
t h e  value for the  phase d i f fe rence  ,3 measured a t  coherent frequencies.  In  
order t o  do t h i s ,  it i s  necessary t o  record the  Doppler and Faraday e f f ec t s  
together .  If only one quant i ty  i s  measured, when da ta  a r e  ava i lab le  on the  
v e r t i c a l  sounding of the  ionosphere the  problem of indeterminacy i s  solved, 
i f  the  emi t te r  o r b i t  i n t e r s e c t s  the ion iza t ion  m a x i m u m .  

The t o t a l  e l ec t ron  concentration i n  a v e r t i c a l  column No, up t o  the 
a l t i t u d e  zB where the  geophysical rocket i s  located, above the  poin t  P 
(Figure 2 )  ly ing  somewhere between the  observat ional  po in t  A and t h e  take
off po in t  of t h e  rocket ,  i s  as follows: 

"P 
N ,  = i~,tsin pk - \ *; (z) ( ~ -p S)  N ( 2 )d z .  (10) 

0 

where Y i s  the  "current"  hor izonta l  gradient  of the  e lec t ron  concentration; 
Spy S - the  a r c s  read off a t  the  l e v e l  z from the  v e r t i c a l ,  which i s  drawn 
a t  the  poin t  A, t o  the  v e r t i c a l  which i s  drawn a t  the  point  P ( the  a r c  A l p ' ) ,  
and up t o  the  p o i n t s . a t  which the  a r c  i n t e r s e c t s  t he  i n c l i n e d l i n e  ( t h e  
a r c  A'T); s i n  BB i s  determined by t h e  expression 

=B 

\ N d z  
n

sin.& = pbs' 
0 

where N i s  t h e  e l ec t ron  concentration a t  the  a l t i t u d e  z .  v 

Let us  select  the  poin t  P a t  a d is tance  kApP) from the observational 
po in t  t o  the  E a r t h ' s  surface which makes t h e  second component i n  (10) equal 
zero. This d is tance  i s  determined by the  expression /141 

" B  

When the  quan t i t i e s  cpp, sin^ a n d b L  a r e  calculated,  the  i t e r a t i o n  
method i s  employed (see  [ R e f .  51 f o r  g rea t e r  d e t a i l ) .  If - i n  accordance with 
experimental da ta  - t h e  f a c t  i s  taken i n t o  account t h a t  the  hor izonta l  gradi
e n t  of t he  v e r t i c a l  p r o f i l e  of the ionosphere i s  caused pr imari ly  by an ex
tended hor izonta l  gradient  i n  the  region of the maximum F, then the  following 
approximate expression can be employed for the  f i rs t  s tep  of i t e r a t i o n :  
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where and NM represent  the  e l ec t ron  concentration gradient a t  t h e  a l t i 
tude of maximum and minimum e lec t ron  concentration, respec t ive ly .  

Figure 2 

If (Ua)  i s  taken i n t o  consideration, expression (l2) can be r ewr i t t en  
i n  t h e  following form: 

r v N Z ( ; ) a z  
b 

'PI. = if, 
r N 2 ( : ) 8 z  

0 

~-
A numerical ca l cu la t ion  shows t h a t  :+, s i n  3 l B Y  bL a r e  i n s e n s i t i v e  t o  the  

ionosphere model of (Ref. 5). 

kt us obtain two s e r i e s  of values $(?Ply CpPz), as we l l  as the  values of 
NOP P2 corresponding t o  them, as a func i o n  of the rocket a l t i t u d e  ZB f o r  
both'observational po in t s .  I n  addi t ion ,  l e t  us d i f f e r e n t i a t e  both s e r i e s  of 
values f o r  NO P l  Y p2 

w i t h  respec t  t o  zB, and l e t  us ob ta in  the  corresponding 
s e r i e s  Np 

1 7  2 

The mean "eqgiva , l~nt"e l ec t ron  concentra,tion gradien ts  of y a t  the  /142
corresponding l e v e l  ZBI can be determined from the  expression 



The values of y(z  .) m a k e  it possible  t o  obta.in the  approximate v e r t i c a l  
?L 

p r o f i l e s  i n  any v e r t i c a l  c ros s  sec t ion  between A and B, t ak ing  t h e  grad ien ts  
y i n t o  account. 

With values  of NOL(zB) obtained only a t  one point ,  it i s  poss ib le  t o  
determine c e r t a i n  "equivalent" v e r t i c a l  p r o f i l e s  N( zg) making use of t h e  
r el a t ionship s 

where s i n  8 '  i s  determined from (11). The gradien ts  Y and yo cannot be de
termined i n  ?his case.  

Measurement Resul ts  

Observations by means of the  AES ffKosmos-llrrand "Elektron-1" have made 
it possible  t o  determine the  l o c a l  e l ec t ron  concentration N along the  sa te 
l l i t e  o r b i t .  For purposes of i l l u s t r a t i o n ,  Figure 3(z = 3 f 6  - 300 km, zM = 
= 276 U, fOFa = 5 . 1  MC p resents  a t y p i c a l  graph f o r  ?he dependence of N~ cm 
the  s a t e l l i t e  f l i g h t  t i m e ,  calculated on the  'basis  of recordings of the  d i f 
ference 6 i n  t he  Doppler e f f e c t  a t  coherent frequencies,  a t  two poin ts  which 
a r e  approximately 700 k m  from each o ther .  Both curves c lose ly  coincide, 
which poin ts  t o  adequate accuracy i n  the  r e s u l t s  obtained. The dashed l i n e  
represents  t he  magnitude of NB, ca lcu la ted  with sounding d a t a  i n  the  approxi
mation of a parabolic-exponential  ionosphere model. 

Based on the  1ocaJdelectron concentration ca lcu la ted  i n  t h i s  way, an iono
sphere p r o f i l e  w a s  constructed f o r  up t o  an a l t i t u d e  of 2000 km (Figure 4), 
which represents  a pro jec t ion  on the  v e r t i c a l  of t h e  mean ( f o r  severa l  mea
surements ) ionosphere p r o f i l e  along the  s a t e l l i t e  o r b i t .  Naturally,  it i s  not  
adequate f o r  a v e r t i c a l  p r o f i l e  when the re  are hor izonta l  gradients  N ( l a t i t u d 
i n a l  and longi tudina l ,  regular  and nonregular) . 

A sec t ion  i n  which there  was a non-monotonic p a t t e r n  of e lec t ron  concen
t r a t i o n  was discovered above the  F2 layer ,  which i s  loca ted  a t  an a l t i t u d e  of 
about 600 km and has an e lec t ron  concentration a t  a m a x i m u m  of 0.5-0.8 from 

"2 

A t  one t i m e  it was pointed out i n  severa l  works ( f o r  example, [ R e f .  61)
t h a t  sometimes a r e l a t i v e l y  high ion iza t ion  l e v e l  i s  observed a t  an  a l t i t u d e  
considerably exceeding the  a l t i t u d e  of the F2 layer ,  i n  t h e  case of a very 
d i f fused  lower por t ion  of the F2 l aye r - This was observed during v e r t i c a l  
soundings of t he  ionosphere. The p o s s i b i l i t y  i s  not  excluded t h a t  t h i s  
e n t i r e  set  of observations poin ts  t o  the  presence of a new ionosphere layer  
above the  F2 region (see a l s o  [ R e f .  3, 7, 81). 

The t o t a l  number of e lec t rons  i n  t h e  ionosphere, ca lcu la ted  according t o  
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t he  p r o f i l e  i n  Figure 4, exceeds by a f a c t o r  of approximately 2 the  value 
of No obtained according t o  the  parabolic-exponential  ionosphere model. 
Calculations of No up t o  an a l t i t u d e  of 2000 km, d i r e c t l y  frop the  p r o f i l e  
i n  Figure 4 and from the  concurrent so lu t ion  of t he  equations for @ and @ 
( R e f .  5 )  o r  (4a) for @ and mF, provide similar values, lying within the  F 
e r r o r s  of the  methods employed ( R e f .  1, 2, 5 )  ( less than 10 - 20%). 

m 

I E bk.3U 

Figure 4 
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d 
It i s  a l s o  i n t e r e s t i n g  t o  ca l cu la t e  t h e  gradient  ds NO^ of t he  t o t a l  

e lec t ron  concentration between the  observational point  and the s a t e l l i t e .
dFigure 5 presents  t he  typ ica l  pa t t e rn  i n  time of the  gradients-NOL f o rds 

the  d iurna l  (a), morning ( b ) ,  and nocturnal ( c )  s a t e l l i t e  f l i g h t s ,  respec
t i v e l y .  

The values of BB and R f o r  these f l i g h t s  are given below: 

hours minutes seconds p, R, km 
- .. .  

f o r  a: 	 1-3 3 30".8 453.4 
1.3 4 26.5 51195 
13 4 30 19.2 656.2 

for b: 	 6 29 30 22O.7 1044.6 
6 30 29.5 854.2 
6 31 55.2 529-3

6 32 70.2 446.8 

6 33 32.6 701.6 


f o r  c :  	 3 25 14".5 1547-4 
3 27 15.7 1422.8 
3 28 14.4 1550.2 

1144 


m Q b C 
I
8 

-zoo 

0 I I 

Z7m Zdm ZJmt 

-
-4,o -30 

-;" - 4 J  

-60 

Figure 5 

It can be seen t h a t  the  tendency towards "quasi-periodic" nonregular 
changes i n  NoL with a r e l a t i v e l y  large amplitude i s  more apparent for daytime 



f l i g h t s  than it i s  f o r  mof-ning and nocturnal f l i g h t s .  The impression i s  
gained t h a t  t h i s  type of "quasi-undulation" of t he  e n t i r e  ionosphere stratum 
under the  satel l i te  - o r  the  very predominant contribution t o  NOL of t h e '  
i on iza t ion  of t h e  l a r g e s t  "single layer" o r  "few-layered" n o n u n i f o d t i e s ,  
which a r e  located under the  s a t e l l i t e  - corresponds t o  t h i s .  During morning 
f l i g h t s  (Figure 5, b )  the ionosphere had a cloudy-random s t ruc tu re  beneath 
the s a t e l l i t e  and i n  the  v i c i n i t y  of i t .  

During the  nocturnal hours, t h e  satel l i te  passed t o  t h e  hast of t he  
observational point,  from the  w e s t  t o  t he  east, i n t e r s e c t i n g  t h e  t r a n s i t i o n 
a l  region between the  "nocturnal1' and ' 'diurnal" ionosphere. I n  these  cases, 
t h e  magnitude of N o L ( t )  dropped sharply (Figure 5, c )  . 

fJ5J I$&? 1961 
n-f5Off n=14Off 

Estograms f o r  t he  nonuniformity dimensions d (Figures 6, 7),  based /145 
on a l l  of the  s a t e l l i t e  f l i g h t s  which we have observed, were constructed f o r  
d i f f e r e n t  phases of s o l a r  a c t i v i t y  and a d i f f e r e n t  time of day. Twc s t a b l e  
maxima were observed i n  the  15-30 and 150-190km regions.  It w a s  our impres
s ion  tha t  the  dimensions of la rge-sca le  nonuniformities change t o  a l e s s e r  
ex ten t  with a change i n  solar a c t i v i t y ,  than they do w i t h  a change i n  the  
time of day. The second maximum appears during the  t r a n s i t i o n  from night time 
t o  day time, it e x i s t s  i n  the  day t i m e ,  and disappears a t  n ight .  The mean 
quadratic deviations i n  t h e  e l ec t ron  concentration of la rge  nonuniformities 
i n  the  F2 ionosphere region c lose ly  coincide with t h e i r  dimensions, but do 
not coincide as c lose ly  with t h e  regular  values of e l ec t ron  concentration a t  
the corresponding l e v e l  of t h e  F2 region. 

I n  Figure 4 curves 4 and 1express the  v e r t i c a l  p r o f i l e s  of t he  e l ec t ron  
concentration i n  the  ionosphere, obtained by means of a geophysical rocket 
(GPR) a t  frequencies of 48 and 144 Mc, during a v e r t i c a l  launch i n  t h e  day 
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time on October 18, 1962, a t  mean l a t i t u d e s  i n  the  Sov2et Union ( R e f .  5 ) .  
Curve 4 represents  the  v e r t i c a l  p r o f i l e  above the f i rs t  observational point ,  
and p r o f i l e  1i s  the  "mean" p r o f i l e  over the  take-off po in t  of t he  GPR. 
Curve 2 charac te r izes  a ce r t a in  "equivalent" p r o f i l e  of the  ionosphere 
between the  observat ional  po in t  and the  take-off po in t  of the rocket,  ob
tained according t o  o'bservational da ta  of GPR s igna l s  a t  only one point .  
P ro f i l e  3 w a s  obtained from the  v e r t i c a l  soundings of  the ionosphere a t  
severa l  points ,  scaled t o  t h e  take-off po in t  of t h e  GPR. 
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Figure 7 

Figure 9 shows the  normalized p r o f i l e s  obtained during d i f f e r e n t  cycles 
of so la r  a c t i v i t y .  We obta,ined curve 1 from the launch of a GPR i n  October, 
1962, i n  t h e  period below the mean so la r  a c t i v i t y .  Curve 3 was obtained by 
K. I. Gringauz and V. A. Rudakov during launches of GPRin October, 1958, 
during maximum s o l a r  a c t i v i t y  a t  the same l a t i t u d e s  (Ref. 9 ) .  Curve 5 was 



Figure 8 
obtained by Y a .  L. Al 'per t  based on signa,ls from the f irst  AES ( R e f .  10).  
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IONOSPHERE STUDIES BY R.F,CEIVIN> AES RADIO EMISSION ON THE EARTH 

L. M. Yerukhitov, N. A .  Mityakov, E. Ye. Mityakova 

Beginniiig i n  1961, research was car r ied  out on receiving AES rad io  
s igna ls  i n  the 20-90Me range i n  order t o  study the regular  s t ruc ture  of 
the ionosphere, large-scale  nonuniformities i n  the  e lec t ron  concentration, 
and small-scale ionosphere nonuniformities. The main r e s u l t s  derived from 



-- 

t h i s  research have been compiled i n  the  form of a r t i c l e s  ( R e f .  1-7). I n  
addi t ion,  the  preliminary resul ts  derived from measurements by means of 
the  AES "Elektron-ltt are presented below. 

1. The regular s t ruc tu re  o f  the  ionosphere was s tudied by measuring-

t h e  phase-difference i n  s igna l s  of coherent frequenzies of 20 and 30 Mc 
("Elektron-1" and "Elektron-3") and 20 and 90 M c  ( Kosmos-ll', 1 1 K ~ ~ m ~ ~ - 2 1 1  
and ltKosmos-ll't). This w a s  a l s o  done by studying t h e  polar iza t ion  fading 
of a s igna l  a t  a frequency of 20 Mc (Faraday e f f e c t ) .  The method employed 
i n  processing the  experimental da ta  i s  presented i n  the  works ( R e f .  1, 2, 4). 
The phase d i f fe rence  of s igna l s  having coherent f requencies  !3 i s  proportion
a l . t o  the  i n t e g r a l  e lec t ron  concentration on the propagation paths of t h e  r 
r ad io  waves - i . e . ,  @ -1 A f Ndr. Thus, changes i n  the phase of 9 are 

0 

caused both by a change i n  t h e  dis tance t o  the  satellite, as w e l l  as by a 
d i f f e ren t  condition of t he  ionosphere on the  propagation pa th  of t he  r ad io  
waves when the  sa te l l i t e  i s  i n  motion. For a f la t  Earth, w e  have 

0 0 

A s  can be seen from the  la t te r  expression, it i s  not  possible  t o  d i s 
t i ngu i sh  the  contr ibut ion which i s  made t o  the quant i ty  @ by the  term ZcNc, 

which determines the  l o c a l  e l ec t ron  concentration, from the  contr ibut ion 
* zc 

X C  
made by the term - t[ 3z dz, which depends on the hor izonta l  e lec t ron  con

=c 0 

cent ra t ion  gra.dients. The s i t u a t i o n  remains the  s a m e  when the  spher ic i ty  of 
t he  e a r t h  i s  considered ( R e f .  2 ) .  Therefore, the method of coherent frequen
c i e s  makes it possible  t o  obta in  information on only the  quan t i t i e s  
Z C  z ma :
j 	 N dz  and J Ndz. The e l ec t ron  concentration a t  the  s a t e l l i t e  a l t i t u d e  

0 Z C  z m  
Ne can be estima.ted by comparing the  quan t i t i e s  J N d z  and N dz, where zm 

0 0
i s  the  a l t i t u d e  of t h e  F l aye r  m a x i m u m .  The quant i tyag dz can be obtained/l48 

0
by processing the  recordings of 	t he  phase difference i n  s igna ls  of coherent 

zm 
frequencies, w h i l e  t he  quant i ty  j N dz can be obtained from the  a l t i t u d i n a l 

0 

frequency cha,ra,cterist ics of t h e  ionosphere. I n  t h e  case of a c i r c u l a r  sate
l l i t e  orbit(Z, NN 0 ) t h e  recordings of t he  phase d i f fe rence  i n  s igna l s  of co
herent  frequencies make it possible  t o  obtain information regarding regular ,  
hor izonta l  gradients  of t h e  e l ec t ron  concentration i n  the  ionosphere. 
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Processing of po la r i za t ion  fadings of AES r a d i o  signa& en ta i l ed  similar 
d i f f i c u l t i e s  ( R e f .  4). 

The works ( R e f .  3, 4) present  t h e  main observational rezsults of 
C 

llKbsmos-ltr, 1r~osmos-2'r,and "Explorer-l-(" AES. The quant i ty  j' N dz 
0 

changed from 0 .1  t o  l.7*lo1' electron*cm-2, as a funct ion of the  sa te l l i t e  
a l t i t u d e  and the  t i m e  of day. A comparison with the  da ta  from v e r t i c a l  
sounding makes it possible  t o  obta,in the  index of the  exponent x on the  
assumption t h a t  t he  e l ec t ron  concentration above the  F layer  maximum 
decreases according t o  t h e  exponential  l a w .  The mean value i s  
x x 6.2-10-"km-1 during the  daytime, which i s  somewhat higher than the  
value of u x 3.5*10-3km-1which was assumed previously.  It should be noted 
t h a t  t he  NIRFI measurements p e r t a i n  t o  years  which are close t o  minimum 
so la r  a c t i v i t y .  Data have a l s o  been obtained on the  regular  hor izonta l  
gradients  of e l ec t ron  concentration i n  t h e  ionosphere. The quant i ty  
Z C  

aN dz represents  *lo4 ekCtrOn'Cm-3, while t he  morning s a t e l l i t e  f l i g h t s
ax 

correspond t o  pos i t i ve  gradients ,  and the  evening f l i g h t s  - t o  negative gra
d ien t s .  It i s  important w e  compare the  cont r ibu t ion  made t o  the quantity 

c
by the  term & z dz fo r  AES o r b i t s  of t h e  l 'KOSmOS-l ' l  and "Kosmos-2" 

e o  
type.  The contr ibut ion made by t h i s  term frequent ly  exceeds the  contr ibut ion 
made by t h e  term with Nckc.  

During February-March, 1964, observations were performed on the  AES 
"Elektron-1" r a d i o  s igna l s  a t  coherent f requencies  of 20,005 and 30,0075 Mc 
i n  order t o  determine, the t o t a l  e l ec t ron  concentration i n  the  ionosphere. 
Observations were performed a.t two poin ts .  Approximately 80 phase recordings 
were obtained i n  a l l .  A t  the  present  t i m e ,  almost 9 recordings from zeni th  
f l i g h t s  of AES over Gorky have been processed, and values ha.ve been obtained 

z c  
'7

f o r  t he  t o t a l  i n t e g r a l  of t he  e lec t ron  concentra,tion j N dz up t o  the  
0 

sa te l l i t e  a l t i t u d e .  Based on da ta  from an ionosphere s t a t i o n  f o r  v e r t i c a l  
sounding ( the  town of Gorky), the  p r o f i l e s  N(h) of the  ionosphere have been 

Z m  

ca lcu la ted  on an e l ec t ron ic  computer, and the  quan t i t i e s  J N dz (zm 
0 

a l t i t u d e  of t he  F l aye r  maximum) hasre been determined f o r  t i m e  i n t e r v a l s  
coinciding with t h e  s a t e l l i t e  f l i g h t  t i m e .  (above the  town of Gorky). A 
comparison of da,ta from the AES with the  da.ta from v e r t i c a l  sounding makes 
i t  possible  t o  obta,in the  index of the exponent ?i, for an exponential  model 
of t he  upper por t ion  of t he  F layer ,  f o r  each revolution, as w e l l  as the  
e lec t ron  concentration a t  the  locat ion of the  sa te l l i t e .  All of the  values 
obtained are presented i n  the t a b l e .  The mean value of t he  exponent index 
i s  x x 6.2*1O-"k1n-~, which c lose ly  coincides with t h e  t h e o r e t i c a l  model of 
t he  Ear th ' s  d iu rna l  ionosphere during a per iod of low s o l a r  a c t i v i t y  ( R e f .  e,>, 
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The r a t h e r  sharp drop i n  the e l ec t ron  concentration above the  F layer  /149 
maximum ( the  e l ec t ron  concentrat ion decreases e t i m e s  when t h e  a l t i t u d e  
chamges by l / ? t  x 160 km) apparently continues up t o  an  a i t i t u d e  of abo_zt 
7OO-lOOO km, where the  e l ec t ron  concentration i s  N, = 10 electron’cm .I 
Beyond t h i s  point ,  t he  rate a t  which the  e l ec t ron  concentration changes with 
a,ltitw.de decreases s ign i f i can t ly .  Data on N, a t  a l t i t u d e s  of z > 2000 Jsm 
are presented i n  ( R e f .  9). 

.. . . .  

z 
C 

lo3 
Hours, Minutes 

el ect r  on * cm‘” 

2/21 12 36 0.96 4.3 
2/27 15 28 1.23 7.4 
3/2 15 24 1.1 5.4 
3/7 1.3 56 1.59 5.6 
3/9 13 54 1.05 5.75 
3/ 10 3 32 0-765 10.5 

3/ 11 1-353 1.56 5 .05  
3/ 12 3 30 0.82 5-4 
3/13 13 53 1.29 6 

Time Z C ?  km 0”
?Ndz* 10-1, 

km-2 

2. A stu$y of large-scale  ionosphere nonuniformities ( R e f .  3, 5 ) . Non
regular  elianges ca.used by large-scale- nonuniformities i n  the  ionosphere were 
c lea.rly apparent,  along with regular  hor izonta l  gradients  of e lec t ron  concen
t r a t ion ,  i n  t h e  recordink; of phase d i f fe rence  of sie;na.ls having coherent 
frequencies.  ‘ h e  dimensions of these nonuniformities f luc tua ted  from severa l  
ki lometers  up t o  severa.1 h1intirecis oi’ kilometers.  For nonuniformities having 
tlie dimensions of 1 -’100 km, the magnitude of tlie gradients  

Z C  
LIILL j 2 dz I 

10-eLectron’cm-U does not  depend, on the average, on the non
0 


uniformity dimensions. On t h e  o ther  hand, i n  the case of 1 100 km the  
z c  

. - -Nmagnitude of ‘ 1  - dz increases  on the  average with an increase i n  1. 
J Cix 
0 

Tile problem of measuring the parameters of large-scale  nonuniformities 
and t h e  integra.1 e lec t ron  concentration of the  regular  ionosphere was s tudied 
by mea.suring the  pha.se differencesof  coherent f requencies  and po la r i za t ion  
faciings i n  antennae spaced widely apa r t  ( R e f .  5). It w a s  found t h a t  simul
taneous mea,surements on antennae spaced widely a p a r t  make it poss ib le  t o  
c l a r i f y  the  cont r ibu t ion  of hor izonta l  g rad ien ts  i n  the  quan t i t i e s  
z C  zc

’ 
J
i ’  Ndz and -d Ndz. I n  t h e  approximation of a f l a t  Earth, t he  s h i f t  
0 dt 0 
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between the  Faraday fadings of t h e  s igna l  received a t  two antennaelocated 
i n  t h e  d i r ec t ion  of t h e  magnetic p a r a l l e l  i s  f u l l y  determined by regular 
and nonregular i on iza t ion  gradien ts .  This makes it poss ib le  t o  determine 
the  magnitude of t h e  r egu la r  and nonregular grad ien t  i n  t h i s  d i r ec t ion .  

3. Small-scale nonuniformities of t h e  ionosphere ( R e f .  6, 7).  b a l l -
sca l e  nonuniformities have been s tudied  i n  the  c i t y  of Gorky s ince  Ikcember, 
1961, based on recordings of t h e  f l i c k e r s  of AES s igna l s  from "Explorer-7",

IfKosmos-l", t t K ~ ~ m ~ ~ - 2 1 1 ,"Elektron-l", Elektron-3", at a frequency of 20 Me 
from th ree  antennae spaced widely a,part. The a l t i t u d e  and dimensions of 
nonuniformities causing r a d i o  f l i c k e r s  were determined, and a l s o  t h e  most 
important morphological c h a r a c t e r i s t i c s  of t h e  nonuniformities were analyzed: 
t h e  d iu rna l  va r i a t ion ,  and the  r e l a t ionsh ip  t o  ionosphere and magnetic /l5O
per turba t ions .  The method consisted of measuring the  a l t i t u d e  of t h e  non
uni formi t ies  by measuring the  time shifts between s i m i l a r  f l u c t u a t i o n s  i n  
t h e  antennae spaced widely a,part, and this method i s  described i n  ( R e f .  6 ) .  

'hThe hor izonta l  dimensions of t he  nonuniformities (1x	- vent, where Vc i s  
z C  

t h e  hor izonta l  component of t he  satel l i te  v e l o c i t y )  were determined according 
t o  t h e  spec i f i c  a l t i t u d e  of the  nonuniformities zH and the  f l u c t u a t i o n  dura
t i o n  a t .  

On the  basis of these  measurements it w a s  found t h a t  small-scale 
nonuniformities have a sharply-expressed d i u r n a l  va r i a t ion ,  with a m a x i m u m  
a t  n ight .  During the  nocturnal hours, t h e  nonuniformities are observed i n  
a s ign i f i can t  por t ion  of t h e  F l aye r  up t o  500-600 km. They were recorded 
most f requent ly  a t  a l t i t u d e s  of 250-350 km. On the  average, t he  a l t i t u d e  
of nonuniformities causing t h e  observed f l u c t u a t i o n s  is loca ted  c lose  t o  
the  F2 l aye r  maximum.  On t h i s  basis, it can be shown t h a t  t he  decrease i n  
the  number of nonuniformities recorded a t  high a l t i t u d e s  during the  n ight  i s  
nutonly determined by a decrease i n  the  degree of ionosphere nonuniformity 
m/N with a l t i t u d e  i n  t h e  region of these sca les ,  but a l s o  i s  pr imar i ly  
determined by t h e  mean a l t i t u d i n a l  p r o f i l e  of t h e  e l ec t ron  concentration 
(Ref. 7). 

The dimensions of t h e  nonuniformities are pr imar i ly  on the  order of 
1-2 km. Durlng periods of ionosphere disturbance, nonuniformities with dimen
s ions  of 200-600m are also recorded. Quite f requent ly  the  nonuniformities 
a r e  loca l ized  i n  r e s t r i c t e d  regions of t he  ionosphere, wi th  hor izonta l  dimen
s ions  ranging from seve ra l  t ens  of kilometers up t o  seve ra l  hundredsof k i l o 
meters. I n  seve ra l  cases, t he  focusing e f f e c t  of r e f r a c t i n g  nonuniformities 
i s  recorded, leading t o  a s ign i f i can t  increase  i n  the  l e v e l  of t he  s i g n a l  
received. These nonuniformities a r e  primarily 1oca.ted a t  a l t i t u d e s  of 250
350 km* 


Small-scale nonuniformities are observed l e s s  f requent ly  during the  day
time hours . A s  t he  r e su l t s  of the  recordings from the  "Ele Irtron-1'' s i g n a l  have 
shown, during the  d iu rna l  hours nonuniformities located a t  a,ltitucTes of 100
200 km are observed, i n  addi t ion  t o  nonuniformities with an a l t i t u d e  of 
zH 200 - 300 km. In  two cases (March 5 and March 23, 1964) when 
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magnetosphere storms were observed, t he  a l t i t u d e s  of zH exceeded 300-350 km. 
A t  a l t i t u d e s  of 100-200km, t h e  nonuniformity dimensions are on the  order  
of l k m .  A t  a l t i t u d e s  of 200-300 km, nonuniformities were observed having 
dimensions ranging up t o  4-6 km, as w e l l  as up t o  400-600 m. 
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BRIEF SURVEY O F  THE RESULTS OF PHYSICAL EXPERIMENTS ON THE 
SATELIXTE "KOSMOS-2" I 3  THE IONOSPKERE 

V. 	 V. Afonin, T. K. Breus, G. L. Gdalevich, B. N. Gorozhankin, 
K. I. Gringauz, R. Ye. %bchinskiy, and N. M. Shyutte 

On Apr i l  6, 1962, t h e  s a t e l l i t e  1'Kosmos-2" was launched i n t o  o r b i t  /l5l 
at a 49" angle t o  t h e  equator, with a perigee of - 212 km and an apogee 
of - 1546 km. Most of t h e  experiments on t h e  s a t e l l i t e  pertained t o  
ionospheric research. Other experiments (including, f o r  example, a study 
of t h e  photo-emission of e lec t rons  under t h e  influence of so l a r  u l t rav io
l e t  r ad ia t ion  and changes i n  t h i s  emission along t h e  s a t e l l i t e  o r b i t )  were 
r e l a t ed  t o  t h i s  research. I n  addi t ion t o  a telemetry system, 
operating i n  d i r e c t  r ad io  communication with receiving s t a t ions  on USSR 
t e r r i t o r y ,  t h e  s a t e l l i t e  caxried a memory system which s tored t h e  da ta  
from a number of measurements over t h e  e n t i r e  o r b i t  and which reproduced 
t h e  s tored information when t h e  s a t e l l i t e  passed over t h e  v i c i n i t y  of t h e  
rad io  receiving s t a t ions .  The measurements connected with a port ion of 
t h e  experiments were reproduced only i n  t h e  sec tors  of t h e  s a t e l l i t e ' s  
o r b i t  where the re  w a s  d i r e c t  rad io  communication with t h e  &,i-th ( i .e. ,  
t h e  experimental r e s u l t s  were not s tored) .  

A s  i s  known, t h e  concentration of charged p a r t i c l e s  and t h e  chemical 
composition of t h e  ionosphere region a t  a l t i t u d e s  from 500 t o  1000 km were 
f i rs t  invest igated i n  1958 by t h e  t h i r d  Soviet s a t e l l i t e .  Here t h e  ion 
component of t h e  ionosphere was studied (using ion t r a p s  [Ref. lj and an 
ion mass-spectrometer [Ref. 21). A l l  t h e  da ta  obtained by t h e  t h i r d  s a t e l 
l i t e  re fer red  t o  t h e  o r b i t  sec tors  i l luminated by t h e  sun. 

The main objec ts  of t h e  experiments on "Kosmos-2" were: 
a)  t o  obtain information during a d i f f e r e n t  phase of  so l a r  ac?;ivity 

on t h e  ionosphere regions explored i n  t h e  t h i r d  s a t e l l i t e ;  (during a de
crease i n  s o l a r  a c t i v i t y .  

b )  t o  compile da ta  per ta ining,  on one hand, t o  ionosphere regions not 
invest igated by t h e  t h i r d  s a t e l l i t e  (more than 1000 km above t h e  Ea r th ' s  
surface), and, on t h e  other hand, per ta in ing  t o  nocturnal and crepuscular 
conditions ; 

e)  t o  obtain da t a  on ion temperature, using f o r  t h e  f i rs t  time a 
method involving honeycomb ion t r a p s  with a pa r t i cu la r ly  narrow d i r ec t iona l  
diagram. 

d) t o  study by sounding methods both t h e  ion components of ionosphere 
plasma ( j u s t  as i n  t h e  t h i r d  s a t e l l i t e )  and i t s  e lec t ron  components i n  
order t o  measure e lec t ron  temperature and concentration; and 

e) to use a system of f l a t  ion t r a p s  t o  determine t h e  s a t e l l i t e ' s  
o r ien ta t ion  r e l a t i v e  t o  i t s  ve loc i ty  vector. 
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Figure 1 

Dependence O f  Pos i t ive  Ion Concentration ni 
(Measured Along S a t e l l i t e  Orbit)  on Alt i tude h 
1 - Nonilluminated sec tors  of o r b i t ;  2 - I l l u m i 
nated sectors ;  3 - la , t i tude cp. Moscow time. 

Alt i tude change, from l e f t  t o  r i g h t .  

The experiments mentioned above on photoelectron emission were con
ducted on t h e  s a t e l l i t e ,  as wel l  as ce r t a in  methodological experiments t o  
determine more p rec i se ly  t h e  influence upon t h e  measurements of severa l  
fac tors ,  t h e  de r e e  of whose e f f ec t  on t h e  measurement r e s u l t s  w a s  not 
e n t i r e l y  c l e a r  ?i.e., t h e  influence of s t r u c t u r a l  f ea tu re s  of t h e  ion t r a p s  
and of t h e  d is tance  they were located from the s a t e l l i t e  frame). 
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Figure 2 

Approximate Alt i tude Dis t r ibu t ion  O f  Charged P a r t i c l e s  A t  
a Period Close t o  Maximum Solar  Act iv i ty  

The lower p a r t  of the  graph i s  p lo t t ed  from da ta  obtained 
from one of t h e  v e r t i c a l  launches of geophysical rockets  
(February 21, 1958, curve 1): t h e  upper p a r t  (from 500 km 
and up) - from da ta  of measurements i n  a port ion of t he  
t h i r d  Soviet s a t e l l i t e  o r b i t  (May 19, 1958, curve 2).  
Points obtained a t  these  a l t i t u d e s  a t  d i f f e r e n t  t imes i n  
1958 from other  geophysical rockets,  or other  revolut ions 
of t h e  t h i r d  s a t e l l i t e  (3, 4) are p lo t t ed  c lose  t o  t h e  
curve. These poin ts  character ize  ionospheric v a r i a b i l i t y  
t o  a c e r t a i n  extent .  

The present b r i e f  survey cannot, of course, dwell i n  any d e t a i l  on 
matters involving experimental methods or instrument design; ce r t a in  in
dispensable information on these  subjects  w i l l  be  given i n  appropriate 
sect ions of t h e  repor t .  

I. 	 Dis t r ibu t ion  of Pos i t ive  Ion Concentration 
Along the  S a t e l l i t e  Orbit  

Local pos i t i ve  ion concentration w a s  r e l a t e d  t o  a number of quan t i t i e s  
which were measured, and t h e  r e s u l t s  were s tored over t h e  e n t i r e  o r b i t  of 
t he  s a t e l l i t e .  On t h e  surface of t h e  s a t e l l i t e  t he re  were eight,  f l a t ,  
three-electrode ion t r a p s  placed, respect ively,  i n  each of t he  e ight  octants  
i n t o  which space ma,y be divided. The angles between t h e  normals t o  t h e  
ex terna l  g r ids  of any two adjacent t r a p s  comprised 90". The ex terna l  
g r ids  of t h e  t r a p s  had t h e  same p o t e n t i a l  as t h e  s a t e l l i t e  body. There /153 
were a l s o  spher ica l  three-electrode ion t r a p s  whose ex te rna l  g r id  voltages 
var ied by a b ipolar  sa,wtooth l a w .  These t r a p s  were separated from t h e  sat
e l l i t e  surface j u s t  as on t h e  t h i r d  Soviet s a t e l l i t e .  The operating p r inc i 
p l e  of t he  spher ica l  t r a p s  was presented i n  (Ref. 3), and more f u l l y  i n  
(Ref. 1). The i n t e r n a l  g r ids  i n  a l l  t h e  t r a p s  had a constant negative po
t e n t i a l  r e l a t i v e  t o  t h e i r  co l lec tors ,  and were designed t o  suppress photo-
emission and secondary e lec t ron  emission from t h e  co l l ec to r s .  

Figure l a  and Ib present  graphs of t h e  changes i n  pos i t i ve  ion  concen
t r a t i o n  ni along t h e  o r b i t  during t e n  revolut ions of t h e  s a t e l l i t e  about 
t h e  Earth, based on da ta  from t h e  system of f la t  t r aps .  The method f o r  
processing t h e  primary da ta  from measurements of t he  co l l ec to r  cur ren ts  of 
t h e  f la t  t r a p s  i s  presented i n  (Ref. 4). This method i s  based on consider
a t ions  which follow from (Ref. 5) and (Ref. 1). 
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W e  should note t h a t ,  although t h e  values of ni found with spher ica l  
t r a p s  d i f f e r  somewhat from those found with f la t  t raps ,  t h e  nature of t h e i r  
var ia t ions  along t h e  o r b i t  i s  t h e  same. 

When examining t h e  graphs i n  Figures l a  and lb, w e  must bear  i n  mind 
t h a t ,  although represented i n  a coordinate system (h, n i ) ,  they - l i k e  any 
other  measurements of l o c a l  concentrations m a d e  by t h e  s a t e l l i t e  - a r e  not 
exact representat ions of t h e  a l t i t u d i n a l  pa t t e rn  of charged p a r t i c l e  con
cent ra t ion  i n  t h e  ionosphere f o r  t h e  following reasons: (a) s ince t h e  
hor izonta l  ve loc i ty  of t h e  s a t e l l i t e  i s  much grea te r  than t h e  v e r t i c a l  
veloci ty ,  such graphs unavoidably r e f l e c t  hor izonta l  nonuniformities and 
l a t i t u d i n a l  anomalies i n  ni, i n  addi t ion t o  t h e  a l t i t u d i n a l  behavior of 
n i ;  (3)l o c a l  t i m e  i s  a l s o  continuously changing, as w e l l  as height above 
Earth and l a t i t u d e  along t h e  orb i t .  It is, nevertheless,  extremely i n t e r 
e s t ing  to compare these  graphs with similar ones made during maximum so la r  
a c t i v i t y  i n  1958. 

Figure 2 presents  a composite curve of t h e  a l t i t u d i n a l  d i s t r i b u t i o n  
of charged-particle concentration i n  t h e  ionosphere at a l t i t u d e s  up t o  
1000 km from measurement da ta  obtained i n  1958. One pecu l i a r i t y  of t h i s  
d i s t r i b u t i o n  i s  t h e  very slow drop i n  charged p a r t i c l e  concentration as 
t h e  a l t i t u d e  increases  above t h e  main ion iza t ion  peak i n  t h e  ionosphere. 
A s  may be seen from t h e  graphs i n  Figures l a  and lb,  t h e  reduction i n  ni 
as a l t i t u d e  increases  above t h e  main ion iza t ion  peak i s  t h e  same i n  a l l  
t h e  revolutions of frKosmos-2fraround t h e  Earth - it occurs s ign i f i can t ly  /154 
f a s t e r  than t h e  1958 da ta  ind ica te  (Figure 2 ) .  The curve slope i n  t h e  
unilluminated port ion of t h e  o r b i t  changes r a the r  abrupt ly  at heights  of- 600 km (Figure la) .  Just as sharp a steepness change i s  observed i n  t h e  
i l luminated port ions of t h e  o rb i t ,  bu t  a t  somewhat higher a l t i t udes .  

Since, according t o  (Ref. 6), t h e  steepness of t h e  a l t i t u d i n a l  pa t te rn  
of charged p a r t i c l e  concentration subs t an t i a l ly  depends on t h e  mean ion mass, 
it i s  l o g i c a l  t o  assume t h a t  t h e  regions of very sharp curvature change i n  
t h e  graphs i n  Figures l a  and 1%correspond t o  t r a n s i t i o n a l  regions, changing 
from t h e  predominance of heavy ions at lower a l t i t u d e s  t o  t h e  predominance 
of l i g h t e r  ions at higher a l t i t udes .  

We must remember t h a t  t he re  were only mass-spectrometer measurements on 
t h e  t h i r d  Soviet s a t e l l i t e  i n  t h e  outer  ionosphere up t o  a l t i t u d e s  of- 1000 km during a period of  m a x i m u m  so l a r  a c t i v i t y  (Ref. 2) .  

Equipment w a s  emplo ed with a range of ion m a s s  numbers from 6 t o  
48 amu - i .e.,  He+ and J ions could not be reg is te red .  Although t h e  exper
imental r e s u l t s  themselves (Ref- 2) cannot answer t h e  question of whether 
t he re  were l i g h t  ions (He+ and e)at  these  a l t i t udes ,  an analysis  of them 
i n  conjunction with r e s u l t s  derived from measurements with spher ica l  ion 
t r a p s  on t h e  same satel l i te  ( R e f .  4 )  leads t o  t h e  conclusion t h a t  at t h a t  
time O+ ions were ac tua l ly  predominant at a l t i t u d e s  up t o  1000 km (Ref. 2). 
American experiments i n  1960 point-b t h e  same conclusion (Ref. 7). 
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Figure 3 

Tricomponent Model O f  Trans i t ion  Region 
Based On D a t a  From rrKasmos-2’l 

Dashed l i n e s  - t h e o r e t i c a l  curves p lo t t ed  
on assumption t h a t  oxygen and helium a r e  
i n  d i f fus ion  equilibrium; n

j 
- p a r t i a l  con

cent ra t ion  of ions of u n i t  mass. 

If t h i s  i s  t h e  case, t h e  s ign i f i can t  change i n  t h e  nature  of n i  
d i s t r i b u t i o n  above t h e  s a t e l l i t e  o r b i t  as a l t i t u d e  above t h e  Earth i n c r e a s d  
i n  t h e  1958-1962period i s  log ica l ly  t o  be associated with the  decrease i n  
solar a c t i v i t y  over t h i s  period. This decrease i n  so l a r  a c t i v i t y  cools  t h e  
upper atmosphere and lowers t h e  heavy ion (0’) layer ,  and consequently 
causes a t r a n s i t i o n  between t h e  regions of heavy and l i g h t  ion predominance. 
This assumption i s  corroborated by t h e  considerat ionsin t h e  next sect ion of 
t h i s  repor t .  

11. Ion Composition of Transi tonal  Region 
From Heavy Ion (O+) t o  Light Ion Predominance 

A s  a l ready noted i n  (Ref. l), analys is  of t h e  da ta  from spher ica l  ion 
t r a p s  on “~osm09-2~~mAes it possible  t o  estimate ion composition a t  a l t i 
tudes  of 520-650 km. The volt-ampere chara .c te r i s t ics  of these  t r a p s  
permitted t o t a l  ion concell-tratioii.  
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t o  be determined on t h e  basis of t h e  point  corresponding t o  zero p o t e n t i a l  
of t h e  ex te rna l  g r i d  r e l a t i v e  t o  the neutral  plasma. 

The swll of t h e  r a t i o s  of p a r t i a l  ion concentration t o  corresponding 
m a s s  numbers could be found from t h e  steepness of the upper l i n e a r  s ec to r  
o f  the  c h a r a c t e r i s t i c  curve, 

If w e  assume that two types  of ions  are present  i n  t h e  ionosphere region 
explored, then  t h e  so lu t ion  of t h e  system of t h e  two equations (a) and 
(b) enables us  t o  f i n d  t h e  concentration dis t rTbut ion of bo th  components 
nl  and n2. Two bicomponent, ionosphere models - those  which are most 
probable f o r  a l t i t u d e s  of 520-650 km - were studied. Solution of equa- /155 
t i o n s  (a) and (b) f o r  an assumed oxygen-hydrogen ionosphere showed t h a t  
i n  t h i s  case t h e  mean ion  m a s s  q diminishes wi th  extraordinary slowness. 
This does not  t a l l y  with t h e  abrupt change in t he  slope of t h e  n i  a l t i 
tude d i s t r i b u t i o n  experimentally derived. 

Furthermore, an oxygen-helium model w a s  s tudied, which led  t o  t h e  
r e l a t i v e  He' and 0' concentration d is t r i 'bu t ion  described i n  (Ref. 4) . 

The expla,natiQn of t h e 0' and He+ concentration d i s t r i b u t i o n  i n  t h i s  
model encounters a' number of d i f f i c u l t i e s ,  however, i f  w e  assume t h a t  
d i f fus ion  equilibrium p r e v a i l s  i n  t h e  region examined. A t  t h e  same t i m e  
t h e r e  i s  no reason t o  suppose t h a t  such an equilibrium i s  lacking, at 
l e a s t  f o r  heavy ions.  It may be demonstrated t h a t  a tricomponent model 
o f  t h e  t ra .ns i t ion  region (O+, He+, and $ ions)  s a k i s f i s  all: t h e  expcri
mental data obtained i n  t h i s  region by 1'Kosmos-21', and moreover t h e  heavy 
ions (o+) occur i n  ( t i f fus ion  equilibriwn. 

To design a tricomponent model, we must have a t h i r d  equation t o  
supplement t h e  systcm of cq,ua,tionc (a) and (b) This eq,ua,tion may be 
derived by u t i l . i z ing  a l t i t u d e  d i s t r i b u t i o n  ni and formula. 

deduced 'by Mange (Ref. 6) f o r  a quasi-neutral  ionosphere (ne = ni) cons is t 
ing  of single-charged ions on condi t ion t h a t  Ti M Te M T. Assuming t h a t  
t h i s  condi t ion i s  f u l f i l l e d  and t h e  magnitude of T i s  known, w e  may then  
f ind  t h e  mean m a s s  m-t. from equation (1): 

Simultaneous so lu t ion  of equations (a)- (c )  f o r  t h e  tricomponent case 
c m  give t h e  concentration d i s t r i b u t i o n  of  He+, 0+, and d with a l t i t u d e .  



A s  follows from t h e  d a t a  i n  t h e  survey reported at t h i s  conference (Ref. 8), 
two extreme temperature readings - 500-700 K - may be determined fo r  t h e  
nocturnal hours (Te M Ti) i n  April, 1962, a t  equator ia l  l a t i t u d e s  ( the  l o 
cat ion of t h e  heavy-to-light ion t r a n s i t i o n  region i n  question) and at 
a l t i t u d e s  corresponding to this re@.on. 

Figure 3 depic t s  t h e  O+, Hef, and H' d i s t r ibu t ions  derived fo r  t h e  
tricomponent model of an isothermic ionosphere when T = 500°K. When 
T = 700°K t h e  d i s t r ibu t ions  have t h e  same appearance, bu t  with t h e  d i f f e r 
ence t h a t  t r a n s i t i o n  from oxygen ion predominance to He4- predominance 
OCCUTS at a l t i t u d e s  of - 630 km. 

The assumption t h a t  t h e  ionosphere w a s  isothermic w a s  u t i l i zed ,  inas
much as (Ref. 9) - t h e  r e s u l t s  of which were used t o  estimate temperatures 
(along with some other  papers) - made it impossible t o  der ive unambiguous &56 
data on a l t i t u d e  temperature gradients  and t o  judge t h e  r e l i a b i l i t y  of t h e  
gradient values contained i n  it. I n  a nonisothermic ionosphere with a gra
dient  of - 0.5-1' km-l, however, an intermediate model would be va l id  which 
coincided at a l t i t u d e s  of 500 and 650 km with t h e  extreme models calculated 
fo r  T = 500 and 700°K. 

It i s  t o  be s t ressed  t h a t  at equa to r i a l  l a t i t u d e s  v e r t i c a l  d i s t r ibu 
t i o n  (1)corresponds to establishment of d i f fus ion  equilibrium i n  a volume 
i n  which diff 'usion takes  place across  t h e  magnetic f i e l d ,  and therefore  may 
give values of T d i s t i n c t  from longi tudinal  values determined from 
d i s t r i b u t i o n  along t h e  f i e l d .  The lack of da t a  prevented t h i s  longi tudinal  
d i s t r i b u t i o n  from being 'plotted f o r  f f  KOS~OS-2". The estimates which we did 
manage to make, however, ind ica te  t h a t  t h e  longi tudina l  temperature at an 
a l t i t u d e  of 500 km was - 700-800°~. 

A s  i s  shown by a comparison with t h e  f indings of ( R e f .  10) which inves
t i g a t e s  p rec i se ly  t h i s  longi tudinal  d i s t r ibu t ion ,  t h i s  r e s u l t  should not 
mater ia l ly  a l ter  t h e  qua l i t a t ive  p i c tu re  sketched here. 

The calculated tricomponent model, j u s t  as t h e  bicomponent one des
cribed i n  (Ref. k ) ,  ind ica tes  t h e  exis tence of a region of helium ion 
predominance above t h e  region where 0' ions predominate. It should be 
noted t h a t  t he re  i s  f a i r l y  good agreement between t h e  II-Kosmos-2" ion compo
s i t i o n  r e s u l t s  and data obtained by t h e  Anglo-American s a t e l l i t e  "Ariel-1" 
launched at t h e  end of April,  1962, soon after ffK~smos-2". Nocturnal mea
surements at  low a l t i t u d e s  by "Ariel-l" ind ica te  t h e  predominance of helium 
ions over t h e  other  ions i n  t h e  a l t i t u d e  region of 500-lOOO k m  (Ref. 9). 

111. Electron Concentration and Temperature 
Measurenents Using Cylindrical  Langmuir Probes 

Measurements by Langmuir probes belong to t h e  group of experiments 
whose r e s u l t s  were not reg is te red  by t h e  memory u n i t  (Ref. 11) Therefore, 
t h e  findings of these  experiments r e f e r  only .Lo The o rb i t  sec tors  i n  t h e  
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Figure 4 

Envelopes Of M a x i m u m  Values O f  Electron Probe Currents 
P1, Pa Designate F i r s t  and Second Probes 

- 212 t o  - 600 km a l t i t u d i n a l  range. 

I n  t h e  plane of one of  t h e  s a t e l l i t e  cross  sect ions perpendicular t o  
i t s  longi tudinal  axis, two cy l ind r i ca l  probes 1 cm i n  diameter and 20 em 
i n  length were so placed near t h e  surface that  t h e  cen t r a l  angle between 
t k m  w a s  90". A t h i r d  probe of t h e  same s i ze  w a s  i n s t a l l e d  10 cm from t h e  
s a t e l l i t e  surface i n  a plane perpendicular t o  t h a t  of t h e  f irst  two. The 
probes were so located a,s t o  be able  t o  detect  t h e  e f fec t  of t he  Earth's 
magnetic f i e l d  on measurements. For undetermined reasons, t h e  t h i r d  probe 
did not function during t h e  f l i g h t .  

209 




Figure 5 

Dependence Of Electron Concentration ne On Al t i tude  h ,  
Measurement By Langmuir Probes i n  Sector O f  S a t e l l i t e  

O r b i t  On Apr i l  7, 1962 
Circ le  i nd ica t e s  ne value at F l ayer  m a x i m u m  as ca lcu l 
a ted  from d a t a  of ionosphere s t a t ions ;  cp - l a t i t u d e ;

X - longitude. 

I d e n t i c a l  vol tages  Vp re la t ive t o  t h e  sa te l l i t e  fra,me were del ivered 
t o  a l l  t h e  probes and var ied a,ccording t o  a b ipo la r  pulse  l a w .  The values 
both  of V and of t h e  probe cur ren ts  were simultaneously t ransmi t ted  t o  
Earth. d e  c l a s s i c a l  methods described i n  ( R e f .  12) were employed t o  
process t h e  probe cha , rac te r i s t ics  and from them t o  determine e lec t ron  con
cent ra t ion  ne and e lec t ron  temperature Te. S a t e l l i t e  r o t a t i o n  modulated 
t h e  probe cur ren ts .  

Figure 4 gives t h e  envelopes of t h e  peak e l ec t ron ic  probe cur ren ts  
recorded during each period of sawtooth vol tage fed  t o  a probe. These 
emvelopes are given f o r  t h e  three time per iods shown i n  t h e  graphs. It i s  
evident from t h e  graphs t h a t  m a x i m u m  probe cur ren ts  pe r iod ica l ly  change, /158 
f a l l i n g  t o  values  beneath t h e  sensi t ivi ty  level  of t h e  probe current  boos
ters .  Here i n  some cases  t h e  e lec t ron  cur ren t  maxima, of both probes are 
congruent i n  time (Fig. 4a), while at o ther  time per iods  a current  m a x i m u m  
i n  one probe matches a current  minimum i n  t h e  o ther  (Fig. 4b). There are 
cases where t h e  readings of one of t h e  probes a r e  very s m a l l  f o r  comparatively 
long per iods of time (Fig. 4c) 
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An ana lys i s  of t h e  simultaneously-recorded ion cur ren ts  i n  t h e  
eight  f l a t  ion t r a p s  i n s t a l l e d  on t h e  s a t e l l i t e  ( see  [Ref. 1-31} showed 
t h a t  t h e  minimum current  values of each probe do not always correspond 
t o  t h e  period of time t h e  probe remains i n  t h e  ion shadow formed behind 
t h e  s a t e l l i t e  ( i n  t h e  d i r ec t ion  opposite t h e  d l r ec t ion  of i t s  ve loc i ty) .  
However, t h e  v a r i a t i o n  period of t h e  probe cur ren ts  i s  determined by  
t h e  s a t e l l i t e ' s  r o t a t i o n  as Figure 4, fo r  example, makes c l ea r .  We 
be l ieve  t h a t  t hese  probe current  changes a r e  mainly connected with t h e  
changes i n  probe o r i en ta t ion  with respect  t o  t h e  geomagnetic f i e l d .  
Depending on t h i s  or ien ta t ion ,  t h e  e f f ec t ive  e lec t ron-col lec t ing  surface 
of t h e  probe undergoes subs t an t i a l  var ia t ion ,  which i s  at i t s  maximum 
when t h e  probe axis i s  perpendicular t o  t h e  magnetic f i e l d  and minimum 
when t h i s  axis coincides with the  d i r ec t ion  of t h e  magnetic f i e l d .  

Figure 5 gives ne values obtained w i t h  Langmuir probes i n  a sec to r  
of t h e  s a t e l l i t e  o r b i t  on Apr i l  17, 1962, ( s a t e l l i t e  a l t i t u d e  decreased 
from 600 t o  212 km). The same f igu re  shows t h e  ne magnitude a t  t h e  maxi
mum of t h e  F region determined from t h e  c r i t i c a , l  frequency measured a t  an 
ionospheric s t a t i o n  c lose  t o  t h e  pro jec t ion  onto t h e  Earth of t h e  o r b i t  
sec tor  i n  which t h e  pr3be measurements were made. Diurnal measurements 
of Te during t h e  f l i g h t  of r rKOSmOS-2r '  gave values ranging from 1800 t o  
3000 OK (see t a b l e ) .  

Figure 6 gives t h e  simultaneously-measured probe c h a r a c t e r i s t i c s  
and t h e  time-dependence ol" t he  co l l ec to r  current  of  a "honeycomb" ion 
t r ap .  Calculat ions based on t h e  chara ,c ter is t ic  curves r e s u l t  i n  e lec t ron  
temperature values more than twice as la rge  as t h e  ion temperature values.  

T h i s  i nd ica t e s  t h e  lack of thermal equilibrium i n  t h e  ionosphere a t  
the  a l t i t u d e s  of t h e  F2 layer .  

TABLE 1 
ELECTRON TEMPERATURE T, MEASUHE8ENT KFSULTS U S I N G  LANGMUIR PPLOBES 

Time Time 
Date Hour IIeigl La t i - Longi- Te,OIC Date Hour Heigh Lati- I m g i - Te, OK

Minute km Mlnute km tude tude 
~~ 

4/17 16 42 288 48'" 7 1 O ~  3150 4/8 13 09 299 48.27 121.01 1800 
1962 16 42 285 48.4 72 3000 1962 13 09 298 48.3 121.3 2200

18 22 343 45 32 3000 13 11 262 49.1 131.3 1800 
18 23 317 47 37 2900 14 43 528 36 59.1 2600
18 24 297 48 43 3200 14 49 339 46.76 85 085 2700
18 24 300 48 42 2500 14 50 336 46.9 86.5 2800 
20 08 265 48.9 27 1800 
20 08 264 49 27-3 2500 
20 08 262 49.1 28 2300 
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Figure 6 

Experimental Recordings of Langmuir Probe Currents 
and "Honeycomb" Ion Trap Obtained Concurrently 

a - Semilogarithmic cha rac t e r i s t i c s  and dependence of 
Langmuir probe; b - time-dependence of 

ion t r a p  co l l ec to r  current.  

IV.  Determining Posi t ive Ion Temperature With Honeycomb Traps 

The honeycomb-type ion t r a p  used fo r  t h e  f i r s t  time on %0smos-2~~ 
(Figure 7) i s  a three-electrode device consis t ing of a col lector ,  an a n t i -
photoelectron g r id  t o  suppress t h e  photocurrent from t h e  co l l ec to r  surface /160 
and an ex terna l  honeycomb adapter connected t o  t h e  s a t e l l i % e  frame. This 
adapter cons is t s  of an assemblage of contiguous hexagonal honeycomb" tubes.  
It i s  obvious t h a t  t h e  d i r ec t iona l  proper t ies  of such a t r a p  a re  t h e  same 
as with a s ingle  tube, while t h e  co l l ec to r  current  increases  i n  proportion 
t o  t h e  number of t u b e s . m e  peak current  occurs when t h e  ve loc i ty  vector of 
t h e  incoming stream of ions coincides with t h e  normal t o  t h e  co l lec tor .  
With s u f f i c i e n t l y  narrow tubes t h e  t r a p  can be compact and very sens i t i ve  
t o  or ien ta t ion  with respect  t o  t h e  ve loc i ty  vector.  One a r t i c l e  (Ref. lk) 
has been devoted t o  t h e  f e a s i b i l i t y  of using a narrow tube fo r  ionosphere 
measurements, and has es tabl ished t h a t  neu t r a l  p a r t i c l e  current i s  depen
dent on temperature and t h e  angle between t h e  ve loc i ty  vector and t h e  axis 
of a d i f f e ren t  ially-narrow tube. 
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Figure 7 

Honeycomb-type Ion Trap 

Given t h i s  tube shape, ion temperature Ti s ign i f i can t ly  a f f ec t s  t h e  
dependence of t h e  co l l ec to r  current on t r a p  or ien ta t ion  t o  t h e  vector of 
t h e  incoming ion stream. The co l lec tor  current  of a honeycomb t r a p  may 
be represented as 

where Ice0= eSVni i s  t r a p  current  when Ti = 0 and t h e  ve loc i ty  vector 
coincides with t h e  tube axis; e, t h e  e lec t ron  charge ( ions a r e  assumed 
t o  be single-charged); V, s a t e l l i t e  veloci ty;  S, t h e  sum of t h e  cross  
sect ions of a l l  tubes;  F, t h e  function def ining t h e  dependence of col
l e c t o r  current  on o r i en ta t ion  and temperature; Y, t h e  angle between t r a p  
ax is  and s a t e l l i t e  ve loc i ty  vector;  and R/L i s  t h e  r a t i o  of tube t r ans 
verse dimension t o  longi tudina l  dimension. 

To f ind  t h e  type of funct ion F, t h e  ac tua l  hexagonal tube was replaced 
by a. r i g h t  c i r cu la r  cyl inder  with a base a rea  equal t o  the  input aper ture  
of t h e  tube. When Ti = 0, function F may be e a s i l y  'computed analyticaLly: 

If Ti # 0, t h e  ions have ve loc i ty  components perpendicular t o  t h e  
s a t e l l i t e  ve loc i ty  vector,  with a r e su l t an t  change i n  t h e  form of funct ion 
F. I n  order t o  a sce r t a in  t h e  a c t u a l  form of fbnct ion F, we must t ake  i n t o  
account not only t h e  thermal motion of t h e  ions, bu t  a l s o  t h e  d i s t o r t i o n  
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Figure 8 

Calculated Curves For Function F($, R/L, Ti) m i c h  
Defines Dependence Of Honeycomb-Trap Collector Current 
On I t s  Orientat ion Y Relative To Velocity Vector V And 

Temperature T i  

Calcula,tions Made f o r  Ions of Atomic Oxygen, S a t e l l i t e  
Velocity V = 7.5 lan-sec-l, and Ratio R/L = 0.1057. 

of t h e  ion t r a j e c t o r y  when moving i n  t h e  e l e c t r i c  f i e l d s  i n  t h e  space 
charge layer  surrounding t h e  s a t e l l i t e  as wel l  a s  within t h e  t r ap .  
Function F was computed without regard t o  t h e  e f f e c t  of p o t e n t i a l s  
i .e. ,  current was calcul.ated f o r  neu t r a l  p a r t i c l e s  of mass and tempera
t u r e  equal t o  ion m a s s  and temperature. With a negative p o t e n t i a l  on t h e  
satel l i te  frame, t h e  presence of e l e c t r i c a l  f i e l d s  r e s u l t s  i n  a c e r t a i n  
expansion of funct ion I?. 

When Ti # 0, funct ion F i s  a quintuple i n t e g r a l  which cannot be  
expressed i n  ana,l.ytic form. It w a s  t he re fo re  ca lcu la ted  on an e l ec t ron ic  
d i g i t a l  computer. Figure 8 gives t h e  computational r e s u l t s  f o r  t h e  t r a p  
on rrK~smos-2r'.  This same f igu re  a l s o  d isp lays  t h e  curve f o r  T i  = 0. It 
i s  evident from the  f igu re  t h a t  t he  I?('?) curves expand 'because of thermal 
motion. Moreover, one important f ea tu re  of t h e  F(Y) curves i s  t h e  great
dependent: of t h e  valu-es of F(y=O) on temperature. For example, when 
Ti = 2000 K t h e  m a x i m u m  poss ib le  current i n  t h e  t r a p  (when t h e  tube axes 
coincide with s a t e l l i t e  ve loc i ty  vector)  i s  about four t imes l e s s  than 
when T i  = 0. The strong dependence of F(Y = 0) on T i  i s  explained by t h e  
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Figure 9 

Calculated Dependence O f  Function F On Temperature 
For y = 0 And t he  Same Parameter Values A s  I n  Figure 8 
Value Of F For T i  = 0 Derived by Formula (3) ;  Other 

Values Calculated by Computer 

j o i n t  e f f e c t  of thermal motion and t h e  capaci ty  of t h e  narrow tube t o  
separate  j u s t  those p a r t i c l e s  whose ve loc i ty  vectors  form a s m a l l  angle 
with t h e  tube axis. A t  a l o w  thermal ve loc i ty  t h e  p a r t i c l e s  "enter" 
t h e  tube and reach t h e  co l l ec to r  without having time t o  reach t h e  walls. 
A s  temperature r ises,  thermal v e l o c i t i e s  and t h e  number of p a r t i c l e s  
managing t o  reach t h e  w a l l s  during t h e  f l i g h t  time increase,  and as a 
r e s u l t  t h e  co l l ec to r  cur ren t  decreases.  The dependence of F(Y = 0) on 
temperature i s  shown i n  Figure 9 (Y.i = 16 a,mu, v = 7.5 kni'sec-l, R/L = 
= 0.1057). 

It can be seen from t h e  a3ove statements tha,t experimental data on 

i 1 6 1  
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t h e  dependence F('f, R/L, Ti) m a y  be  employed t o  determinc T i  (by compar
ing  them with ca lcu la ted  va,lues if mi [ion massj, V, and R/L a r e  known). 
Fxperimental vaI.ues of honeycomb-trap co l l ec to r  current  I, ma,y a l s o  be 
u t i l i z e d  t o  f i n d  Ti when '? = 0, if n i  i s  independently determined. This 
enables u s  t o  determine t h e  experimental value of F ( y  = 0)  as t h e  rat-ip 

Thus, T i  can be found by two methods - by comparing curve shapes 
and by employing I c ( y  = 0) and t h e  values of F ( y  = 0) given i n  Figure 
9. 


Figures 6 and 10 give examples of experimental records of honeycomb 
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Figure 10 

Experimental Record of Honeycomb-Trap Collector  
Current Obtained During S a t e l l i t e  F l igh t  

t r a p  co l l ec to r  cur ren ts  made during t h e  f l i g h t  of “Bsmos-2”. 

When determining temperature by t h e  above methods, we estimated t h e  
inf luence of t he  e l e c t r i c  f i e l d s  which were not taken i n t o  account i n  t h e  
ca lcu la t ions .  With allowance f o r  t h i s  e f f e c t ,  t h e  temperature determined 
by t h e  curve i n  Figure 6 l i e s  between Ti = (1300-+ 2OO)’K. 

V. Measuring Electron Photoemission Along S a t e l l i t e  O r b i t  

Use wa.s made of so-called photoelectron a,nalyzers of t h e  type des
cr ibed i n  (Ref. 15) to measure e l ec t ron  photoemission from t h e  me ta l l i c  
surfaces on “KOSmOS-2111. S t ruc tura l ly ,  t h e  photoelectron analyzer was a n  
ordinary semispherical  three-electrode t r a p  (e.g., see  [Ref. 161) whose 
co l l ec to r  i n  t h e  ,given case w a s  a photoelectron emit ter .  Three photo
e lec t ron  analyzers  i n  a l l  were i n s t a l l e d  on t h e  s a t e l l i t e ,  so  t h a t  t h e  
norma,ls t o  them formed t h r e e  mutua,lly-perpendicular d i rec t ions .  The 
vol tages  on t h e  photoemitter e lectrodes w e r e  such t h a t  ne i ther  pos i t i ve  
ions with thermal v e l o c i t i e s  nor e lec t rons  with thermal v e l o c i t i e s  from 
t h e  surrounding medium could reach t h e  emi t te r .  The measurement of 
photoemission from a m e t a l  surface under t h e  e f f e c t  of so l a r  r ad ia t ion  
i s  of grea t  i n t e r e s t  i n  explaining t h e  r o l e  of photoemission i n  estab
l i sh ing  an equilibrium body charge. Photoemission i s  not very l a rge  i n  
ionospheric regLons with a great  concentration of charged p a r t i c l e s .  
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A t  a l t i t u d e s  where t h i s  concentration drops, however, e lec t ron  photo-
emission from t h e  surface of space equipment and individual  instrument 
components may e s s e n t i a l l y  a f f e c t  t h e  r e s u l t s  derived from probe inves
t iga t  ions of t h e  environment. 

A study of t h e  energy d i s t r i b u t i o n  of photoelectrons is, moreover, 
a source of information on so la r  photon streams. 

Photoemission w a s  measured by %sm0s-2~~only i n  t h e  regime of 
d i r e c t  radiotelemetr ic  transmission and i n  t h e  a l t i t u d e  region of 
+l2-600 km. Present ly  ex i s t ing  da ta  on absorption of u l t r a v i o l e t  rad ia
t i o n  by t h e  Earth 's  atmosphere r e f e r  t o  t h e  region below 235 km (Ref. 17).
It i s  thus  of d e f i n i t e  importance t o  obtain da ta  on t h e  i n t e g r a l  absorp
t i o n  of so l a r  r ad ia t ion  a t  a l t i t u d e s  above 200 km. 

The photoemitter current  i s  known t o  be proport ional  t o  t h e  /163
st rength of t h e  r ad ia t ion  stream causing it when the re  i s  no e l e c t r i c  
f i e l d  braking t h e  e lec t rons  (so-called sa tura t ion  photocurrent). There
fore ,  without analyzing t h e  volt-ampere cha rac t e r i s t i c s  derived, l e t  us 
examine t h e  va r i a t ion  i n  current  sa tura t ion  i n  t h e  photoelectron analyzers 
while t h e  s a t e l l i t e  i s  moving i n  t h e  a l t i t u d e  range.from 550 t o  220 Inn. 

It i s  not d i f f i c u l t  t o  measure var ia t ion  i n  the  i n t e g r a l  stream of 
so l a r  rad ia t ion  with a photoemitter t r a ined  on t h e  Sun. This problem 
becomes more complicated with a s a t e l l i t e  which i s  not oriented toward 
t h e  Sun. By analyzing t h e  dependence of emit ter  sa tura t ion  photocurrents 
on t h e i r  o r i en ta t ion  with respect  t o  t h e  Sun, w e  found t h a t  f o r  those 
in s t an t s  when t h e  cur ren ts  of a l l  t h r e e  emi t te rs  d i f f e red  from zero t h e  
photocurrent of  each 1rKOSmOS-21remi t te r  could, i n  t h e  f irst  approximation, 
be considered proport ional  t o  t h e  square of t h e  cosine of t h e  angle of 
ra,diation incidence : 

t h a t  is, 10" * I1ma.x + Iamax + Ismax, 

where 1," i s  t h e  photoemitter current  corresponding t o  t h e  rad ia t ion  
stream f a l l i n g  at  a 90" angle. Thus, with th ree  iden t i ca l  photoelectron 
analyzers t r a ined  i n  th ree  mutually-perpendicular d i rec t ions ,  we can 
determine t h e  analyzer sa tura t ion  current value corresponding t o  normal 
incidence of t h e  r ad ia t ion  stream on t h e  emit ter ,  f o r  those moments when 
t h e  current  values from a l l  t h e  emi t te rs  d i f f e r  from zero. Each emit ter  
may be or iented i n  any way with respect  t o  t h e  Sun. 

The dependence of photoemitter sa tura t ion  current on a l t i t u d e  i s  shown 
i n  Figure 11. The reduction of photocurrent with a l t i t ude ,  evident ly  



0 

Figure 11 

Dependence of Photoemitter Sa tura t ion  Current on Al t i tude  h 

because of absorpt2on of so l a r  rad ia t ion ,  i s  i n  essence a photocurrent /I64 
var i a t ion  along t h e  o r b i t ,  due to t h e  increased d is tance  along t h e  
l i n e  1 , as shown i n  Figure 12. Despite t h e  e s s e n t i a l l y  divergent nature  
of t h e  absorption of t h e  ind iv idua l  segments and l i n e s  of t h e  so l a r  r ad i 
a t  ion spectrum' by  d i f f e r e n t  regions of t h e  ionosphere (depending on compo
s i t i o n ,  densi ty ,  e t e  .), t h e  a t tenuat ion  of t h e  i n t e g r a l  r ad ia t ion  stream 
i n  a broad s p e c t r a l  range - as determined by t h e  sa tu ra t ion  cur ren t  values  
of photoelectron analyzers  i n  t h e  220-550 km a l t i t u d e  region - i s  on t h e  
whole c l e a r l y  l i n e a r  i n  nature .  W e  should note t h a t  beginning at 293 k m  
t h e  angle of t h e  Sun's e leva t ion  above t h e  s a t e l l i t e  horizon takes on 
negative values, i .e. ,  beginning a t  t h i s  a l t i t u d e  solar r ad ia t ion  t ra
verses  a c e r t a i n  range of a l t i t u d e s  twice.  

Figure 1-3 d isp lays  one of t h e  volt-ampere curves obtained during 
the  f l i g h t  of f f K ~ s m o s - 2 " ,  which shows t h e  dependence of analyzer photo-
cur ren t  on i t s  i n t e r n a l  g r id  voltage.  The shape of t h i s  curve i s  essen
t i a l l y  d i f f e ren t  from t h a t  derived during s i m i l a r  experiments by 
Hinteregger e t  a l .  ( R e f .  18, 15). Under laboratory conditions,  so-cal led 
ca l ib ra t ed  volt-ampere c h a r a c t e r i s t i c  curves were taken while i r r a d i a t i n g  
an experimental model of a photoelectron analyzer  with monochromatic r ad i 
a t i o n  of d i f f e r e n t  wavelengths. These laboratory volt-ampere charac te r i s 
t i c  curves are a l s o  depicted i n  Figure 13. It i s  evident from t h e  f igure  
t h a t  s ec to r  a-b of reduced slope, which i s  absolu te ly  present  on a l l  in -
f l i g h t  c h a r a c t e r i s t i c  curves, i s  lacking on t h e  laboratory c h a r a c t e r i s t i c  
curves. This means t h a t  t h e  so l a r  r ad ia t ion  recorded by t h e  s a t e l l i t e  
analyzers  i s  apparent ly  not e n t i r e l y  determined by r ad ia t ion  of t h e  
indicated wavelengths. Comparison of  t h e  laboratory c h a r a c t e r i s t i c  curves 
with those of Hinteregger e t  a l .  ( R e f .  15) and o ther  experimental r e s u l t s  
obtained from i r r a d i a t i o n  of d i f f e r e n t  metals with t h e  f a r  u l t r a v i o l e t  
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Figure 12 

Relative Change i n  Saturat ion Current I o  m a x  
Depending on Distance Along Line .1 

(550)
IOmax - Io m a  a t  a l t i tude  of 500 Ian; 1 -
d a t a  from one s a t e l l i t e  revolut ion o f  

Apr i l  8, 1962; 2 - da ta  from six sa te l l i t e  

revolut ions on Apr i l  8-9, 1962; 1 - dis tance  

along radial l i n e  f igured  from 550 km t o  

satel l i te ,  h - s a t e l l i t e  a l t i t u d e  above ear th .  


( R e f .  19), confirms t h e  f a c t  t h a t  t h e r e  i s  no reason t o  doubt t h e  re l ia
b i l i t y  of t h e  laboratory volt-ampere c h a r a c t e r i s t i c  curves. A t  t h e  same 
t i m e ,  ana lys i s  of equipment funct ioning aboard ' t K ~ ~ m ~ ~ - 2 f 1showed t h a t  
t h e  unusual aspect  of t h e  c h a r a c t e r i s t i c s  recorded cannot be caused by /165
equipment. A l l  t h i s  m a k e s  us  t h ink  t h a t  t h e  shape of t h e  volt-ampere 
c h a r a c t e r i s t i c  curve i s  l inked t o  t h e  nature  of t h e  incident  r ad ia t ion .  
An ind ica t ion  of t h i s  may a l s o  be t h e  f a c t  t h a t  t h e  sec tor  of l e s s e r  
steepness appears on t h e  volt-ampere c h a r a c t e r i s t i c  curves of a l l  t h r e e  
photoelectron a,nalyzers not only a t  a s ing le  d e f i n i t e  value of the counter 
p o t e n t i a l  with respect  t o  t h e  emit ter  po ten t i a l ,  bu t  a t  d i f f e r e n t  counter 
vol tages  r e l a t i v e  t o  t h e  s a t e l l i t e  frame and t o  t h e  p o t e n t i a l  of t h e  
ex te rna l  g r id  of t h e  ana,lyzer. The hypothesis has been advanced t h a t  i n  
t h e  given case a s i g n i f i c a n t  f r a c t i o n  of t h e  photocurrent was provoked by  
s o f t  x-rays.  The charac te r  of t h e  ex te rna l  photoeffect  under t h e  ac t ion  
of s o f t  x-rays has been inves t iga ted  i n  d e t a i l  i n  a number of experiments 
( R e f .  20) which show t h a t  t h e  photocurrent at comparatively high quanta 
energies  has  much i n  common w i t h  secondary emission. It has the re fo re  
been surmised t h a t  t h e  lower por t ion  of t h e  volt-ampere c h a r a c t e r i s t i c  
curve, mainly up to s e c t o r  a-b corresponding t o  photoelectrons of m a x i m u m  
ve loc i t i e s ,  represents  pr imar i ly  t h e  spectrum of secondary e l ec t rons  
exc i ted  by a primary x-ray photoelectron as it t r ave r ses  t h e  slow e lec t ron  
outPlow zone. 



Figure 13 

photoelectron Analyzer Volt-Ampere Charac te r i s t ics  Derived 
Under Laboratory Conditions During I r r a d i a t i o n  by Monochromatic 
%,diation of Various Wavelengths, and Volt-Ampere Charac te r i s t ic  

Curve Obtained on 1'Kosmos-21': 
sa tura t ion  photocurrent with rad-tat ion incidenceoat 90" 

angle; Io - photocurrent with counter p o t e n t i a l s  and 90 i n c i 
dence of radiat ion,  U, - counter po ten t ia l .  

This hypothesis encounters ser ious objections,  because it i s  r a the r  
d i f f i c u l t  t o  explain t h e  f a c t  t h a t  during t h e  experiments of Hinteregger 
e t  al .  i n  1958 and 1959, which coincided with a period of peak so la r  ac
t i v i t y  when t h e  x-ray streams were more intense,  no such phenomenon was 
detected.  It may be  assumed t h a t  t h e  cause i s  t h e  d i f f e r i n g  s t a t e  of 
emitter surfaces  during these  experiments - t o ' b e  precise ,  t h a t  t h e  SUT
face of t h e  "Kosmos-2" emit ters  gave a subs t an t i a l ly  higher y ie ld  of 
secondary electrons.  It may a l so  be  assumed t h a t  t h i s  fea ture  of t h e  
volt-ampere curves i s  caused by simultaneous i r r a d i a t i o n  of  t h e  photo
e lec t ron  analyzer by streams of u l t r a v i o l e t  rad ia t ion  and corpuscular 
streams of energies which permit t h e  l a t t e r  t o  reach t h e  emit ter .  The 
s i m i l a r i t y  of volt-ampere cha rac t e r i s t i c s  obtained a t  d i f f e r e n t  a , l t i tudes,  
l a t i t udes ,  and zeni th  distances,  however - as w e l l  as t h e  lack of currents  
recorded by analyzers i n  night time - i nd ica t e  t h a t  t h i s  explanation en
counters subs t an t i a l  d i f f i c u l t i e s .  If,  however, it i s  assumed t h a t  t h e  
above hypothesis i s  t rue ,  then t h i s  means t h a t  i n  t h e  u l t r a v i o l e t  port ion 
of t h e  so l a r  spectrum t h e  predominant r ad ia t ion  has wavelengths of 
kk  > 900 - 1000 a. The rad ia t ion  f l u x  i n  t h e  1216 a region a t  an a l t i 
tude of 500 km w a s  estimated a t  - 1? 0.5 erg*cm-".sec-l, while t h e  radi
a t ion  f luxes in2the 584-1000 8 region a r e  on t h e  order of- ldophoton*cm' 'see-'. 

The shape of t h e  volt-ampere cha rac t e r i s t i c  curve hardly var ies  as 
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Figure 14 

Volt-Ampere Charac t e r i s t i c s  of Photoemitter at 
Different Al t i tudes  

1 - h = 525 lan; 2 - h = 300 Inn; Io, max, uc -
as shown in Figure 13. 

t h e  s a t e l l i t e  descends t o  lower atmospheric layers,  a.nd i s  shown i n  
Figure 14. 

It i s  thus  obvious t h a t  i n  t h e  550-300 km a l t i t u d e  region t h e  
i n t e g r a l  coef f ic ien t  of s o l a r  r ad ia t ion  absorption i s  s t i l l  r a t h e r  la rge ,  
and t h a t  r a d i a t i o n  a t t enua t ion  i n  t h i s  a l t i t u d e  region proves t o  be sub
s t a n t i a l  when t h e  s o l a r  rays f a l l  obliquely. 

VI. 	 Determining "Kosmos-2" Orientation W i t h  Respect 
t o  Velocity Vector With F la t  Ion Trap System 

1'Kosmos-2" used a system cons is t ing  of e ight  f l a t  ion  tra.ps, described 
i n  Section I (see  [Ref. 4, 51), t o  determine t h e  s a t e l l i t e ' s  o r i en ta t ion  
with respect t o  t h e  vec tor  of i t s  o r b i t a l  ve loc i ty .  We would l i k e  t o  note 
t h a t  i n  May, 1962, some time a f t e r  t h e  launching of "Kosmos-2", t h e  
B r i t i s h  rocket Black Knight was launched i n  Australia. with a system of /166
f l a t  ion probes - i .e. ,  t h e  same phys ica l  p r i n c i p l e  (Ref. 2 1 ) - i n & r  tode te r 
mine o r i en ta t ion  with respec t  t o  ve loc i ty  vector.  The c o l l e c t o r  cur ren t  
at some sec tor  of a l i m i t l e s s  f l a t  ion t r a p ,  when t h e  satel l i te  frame 
has a negative po ten t i a l ,  i s  determined by t h e  expression (Ref. 5 ) :  

I,= %?s1''b72,1:(Ill, y l1 )  = IC .0 1; (717, Ti), (5) 
where a i s  t o t a l  g r i d  transmittance; s, c o l l e c t o r  area; and Y, t h e  angle 
'between t h e  normal t o  t h e  c o l l e c t o r  and t h e  vec tor  of satel l i te  ve loc i ty .  
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Dependence of F la t  Ion Trap Function F on Angle Y 
Bc deen t h e  Normal t o  I t s  Collector  and S a t e l l i t e  Velocity Vector 
1 - T i  = 5000°K; 2 - T i  = 1800OK; 3 - T i  = OOK 

F.'~;lxre 1-5 depic t s  theodependence of F(Y, T i )  = I d a  eniSV on angle 'i' , 
f o r  T. .: 0, 1800, and 5000 K (curves 3, 2, and 1, respec t ive ly) .  When 

-T i  - nct ion F coincides with cos '?. When T i  # 0 t h e  cosiniisoidal 
approxi,,i-tion may b e  employed i n  t h e  lower range of y values.  It should 
be noted t h a t  t h e  curves i n  Figure 1.5 refer t o  t h e  f la t  ion t r a p  as p a r t  
of an unbounded, electrically-homogeneous plane.  I n  our case t h e  t r a p s  
a r e  i n s t a l l e d  on a body having f i n i t e  dimensions. The edge e f f e c t s  must 
therefore  not be disregarded, because a t  la rge  values of angle 'f t h e  cur
r e n t  of t h e  a c t u a l  t r a p  exceeds t h e  current  i n  t h e  corresponding sector  
of an i d e a l  unbounded planar  tra,p. Analysis of t h e  f l a t  t r a p  co l l ec to r  
current recordings from "Kosmos-2" demonstrates t h a t  t h e  edge e f f e c t s  
p lay  a. s ign i f i can t  ro l e .  With normal incidence of t h e  ion stream onto 
t h e  t r a p  ( y  = 0),  t h e  edge e f f e c t s  p lay  a considerably smaller ro l e .  
Taking i n t o  account t h e  influence of ion temp-erature and the  edge e f f ec t s ,  

t h ewe may assume t h a t  f o r  t h e  ion tra,p system aboard r r K ~ s i n ~ ~ - 2 r r  cosinu
so ida l  approximation i s  v a l i d  f o r  / Y /  ,< 45 - 50' : 

This approximation was used t o  f ind  ve loc i ty  vector  or ien ta t ion  with 
respect  t o  t h e  t h r e e  chosen coordinate axes of t h e  s a t e l l i t e .  By taking 
advantage every in s t an t  of t h e  current readings of t he  th ree  t r aps ,  whose 
normals a r e  non-coplanar, we may e a s i l y  compute t h e  ve loc i ty  vector orien
t a t i o n  with respec t  t o  t h e  s a t e l l i t e  frame. 

To improve t h e  accuracy with which t h i s  o r i en ta t ion  i s  determined, we 
must solve equations of motion f o r  t h e  s a t e l l i t e  as a f r e e  body and com
pare t h e  so lu t ion  with t h e  t r a p  readings. Such processing of t h e  data 
from "Kosmos-2" f l a t  t r a p  system demonstrated t h a t  if t h e  degree t o  which 
t h e  sum of t h e  squares of t h e  d i r ec t ion  cosines devia tes  from un i ty  i s  
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adopted as t h e  measure of t h e  accuracy with which ve loc i ty  vector  or ien
t a t i o n  i s  found, then  t h i s  method makes it possible  t o  f ind  o r i en ta t ion  
within an accuracy no worse than f 3%. However, t h i s  method e n t a i l s  a 
la rge  volume of computational labor.  

We m u s t  observe t h a t  t h e  accuracy with which t h e  ve loc i ty  vector  /167 
or i en ta t ion  w a s  determined f o r  t h e  sa te l l i t e  i n  t h e  experiments described 
w a s  somewhat reduced, because of t h e  somewhat unfortunate arrangement of 
t h e  t r a p s  on t h e  s a t e l l i t e  surface (pro jec t ing  elements of t h e  s a t e l l i t e  
got i n t o  t h e  way of t h e  visual f i e l d  of t h e  t r a p s  i n  several d i r ec t ions )  
which s l i g h t l y  d i s t o r t e d  the  dependence of currents  i n  ind iv idua l  t r a p s  
on t h e i r  o r i en ta t ion .  If t h i s  i s  avoided, t h e  accuracy with which ve loc i ty  
vector  d i r ec t ion  i s  determined can be increased. 

Concl u sion 

A s  i s  c l e a r  from t h e  foregoing, t h e  measurements made by "Kosmos-2" 
ma,de it poss ib le  t o  der ive  i n t e r e s t i n g  r e s u l t s  regarding t h e  s t ruc tu re  of  
t h e  ionosphere and charac te r iz ing  t h e  processes occurring within it. 

I n  t h e  l a t i t u d e  region from 49' N t o  49' S and i n  t h e  a l t i t u d e  range 
from - 212 t o  - 1550 km, t h e  concentration of pos i t i ve  ions w a s  measured. 
A t  a l t i t u d e s  from - 212 t o  - 600 km e lec t ron  concentration and temperature 
were measured; d i r e c t  computations of ion temperature were made f o r  t h e  
f i r s t  t i m e .  Data were obtained on t h e  va,riations i n  photoemission from 
metals undergoing shortwave so la r  r ad ia t ion  i n  t h e  a l t i t u d e  range c lose  
t o  t h e  ion iza t ion  peak of t h e  F region of t h e  ionosphere. These va r i a t ions  
permitted us  t o  es t imate  t h e  i n t e g r a l  absorption of solar u l t r a v i o l e t  r ad i 
a t i o n  i n  t h i s  ionosphere region. Final ly ,  so far  as w e  know, t h e  or ien ta
t i o n  of a space vehicle  r e l a t i v e  t o  i t s  ve loc i ty  vector w a s  f o r  the  f i r s t  
t i m e  determined by means of ion sensors.  

These r e s u l t s  do not, however, exhaust t h e  s ignif icance of t h e  experi
ments made by "Kosmos-2". Their  a n a l y t i c a l  r e s u l t s  are very use fu l  f o r  
preparing new experiments on space vehicles  i n  t h e  ionosphere. 
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RESUITS OF IONOSPHERE R E S W C H  BY ROCXE=CSAND SA!TELI;TTES
IN 1960-1964 

B. N. Gorozhankin and V. A. Rudakov 

Our report  i s  a b r i e f  survey of measurements of e lec t ron  and ion /168 
concentration i n  t h e  ionosphere t o  a l t i t u d e s  of approxha te ly  2000 km. 
The a i m  of t h e  repor t  i s  not so much t o  communicate t h e  spec i f i c  r e s u l t s  
of various experiments as t o  de l inea te  t h e  methodological t rends  i n  t h e  
development of t hese  mea,surements. The main reason f o r  t h i s  i s  t h e  in
adequa,cy of t h e  time a l l o t t e d  t o  t h e  report .  Moreover, t h e  concentration 
of charged p a r t i c l e s  i s  one of t h e  most important parameters of t h e  iono
sphere which, i n  pa r t i cu la r ,  determines t h e  l a w s  of rad io  wave propagation 
the re in .  

We should a l s o  bear  i n  mind t h a t  spec ia l  repor t s  (e.g., [Ref. 11) a r e  
devoted t o  measurements of temperature and ion composition and t o  research 
on t h e  per iphera l  region of t h e  ionosphere. 

The lack of time has a,lso forced us  t o  r e s t r i c t  ourselves t o  pre
senting, without a de t a i l ed  discussion, o n l y  t h e  measurement r e s u l t s  
which we view as most important. 

The numerous methods of measuring ne and ni may be divided i n t o  two 
ma.in groups : 

1) ionospheric parameter measurements from t h e  readings of i n s t ru 
ments reac t ing  t o  t h e  environmental cha rac t e r i s t i c s  i n  t h e  immediate 
v i c i n i t y  of t h e  sens i t i ve  element - probe methods; 

2) measurements by rad io  waves emitted o r  received on a f ly ing  object  
and propagated over considerable dis tances  - rad io  me-thods. 

Some of these  methods represent adaptations t o  new t a sks  of fami l ia r  
methods of studying r ad io  wave propagation and of plasma research i n  t h e  
laboratory.  Others, however, ha.ve 'been spec i f i ca l ly  developed f o r  study
ing t h e  upper atmosphere by rockets and s a t e l l i t e s .  

The setup of each experiment had t o  allow not only f o r  opportuni t ies  
afforded by rockets  and s a t e l l i t e s ,  but  a.lso f o r  t h e  r e s t r i c t i o n s  imposed 
by t h e  proper t ies  of t h e  medium, t h e  nature  of t h e  objec ts '  motion, t h e  
d i f f i c u l t i e s  i n  t ransmi t t ing  information, e t c .  A t  present r ad io  and probe 
methods a l i k e  a r e  employed both i n  rockets  and s a t e l l i t e s .  

I. Rocket Measurements 

We s h a l l  begin our review with rocket inves t iga t ions  of t h e  iono
sphere. Tahle I gives information on various v e r t i c a l  rocket launches 
abroad (1960-1964 period} i n  which ionospheric research was conducted 
(Ref. 2-10] The parameters measured have been appropriately designated 
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by t h e  l e t t e r s  P and R for t h e  measurement method used (P - for  probe 
and R fo r  r ad io  methods). 

TABLE I 

I”0RMATiON ON SEVERAL U.S. IONOSPHERE ROCKET MPERIMENTS 
. .  _ _  ~ .. . . . -.. - -

Greate s t  
Date Height O f  Parameters Measurement 

Region Measured Method 
Studied, k m  

1900 P 

620 R 
1000 R 
1600 R 
2800 PY R 
240 p, R 
850 PY R 
5500 P 
900 P,R 
1000 P 
1000 P 

TABLE 2 

TABLE O F  FOFXIGIV ROCKET LAUNCHES TO STUDY THE IONOSPHERE 

Year Country hunches  Height-r1960 U.S. 
Japan 

9 
2 

1961 U.S. 
Japan 

14 
5 

1962 U.S. 
England 

8 
5 

1963 U.S. 
&gland 

14
7 
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Figure 1 

The rad io  methods, which were t h e  f irst  t o  be used i n  t h e  U. S .  
a,nd t h e  USSR t o  measure ne i n  t h e  f i r i n g  of research rockets,  include 
t h e  most widely-used methods of dispers ion interferometry,  Faraday 
ef fec t  observation, and pulse  rad io  probing of t h e  ionosphere from 
above. These procedures enable us d i r e c t l y  t o  determine only electron 
concentration, but t h e  measurement r e s u l t s  descr ibe s u b s t a n t i a l l y  
l a r g e r  areas  of t h e  medium under study than do probe measurements. This 
i s  caused by t h e  p e c u l i a r i t i e s  of radio wave propagation. I n  measure- (169 
ments takinp; advantage of rad io  wa.ves passing through t h e  ionospherg t h e  
regions over which they a r e  averaged are measured i n  t ens  of meters, and 
i n  some cases - where t h e  Faraday e f f e c t  i s  used - i n  kilometers.  The 
c h a r a c t e r i s t i c s  of t he  medium influence t o  a certa,in extent  t he  radio 
measurements of l o c a l  ionospheric parameters over t h e  whole pakh of rad io  
wave propagat ion.  

Nevertheless, due t o  t h e  grea t  r e l i a b i l i t y  of da t a  obtained by rad io  
methods i n  v e r t i c a l  rocket launches, t hese  methods have been and remain 
t h e  most t rustworthy and accurate  means of determining t h e  a l t i t u d e  behav
iour  of ne i n  t h e  ionosphere. 

Probe measurements ( including, i n  pa r t i cu la r ,  those using ion t raps)  
make it poss ib le  t o  determine l o c a l  concentrations of charged p a r t i c l e s ,  
and probe r e s u l t s  do not depend on t h e  s t a t e  of t h e  medium between-bhe rocket 
and Earth. Probe measurements, however, involve considerable d i f f i c u l t i e s  
f o r  t h e i r  r e s u l t s  are af fec ted  by such f ac to r s  as the  space charge L<TO 
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Figure 2 

surrounding t h e  rocket i n  f l i g h t ,  desorption of gases from t h e  rocket 
surface,  photoemission and secondary emission, and, when measuring elec
t r o n  concentration, t h e  or ien ta t ion  of t h e  sensor r e l a t i v e  t o  t h e  vector  
of t h e  geomagnetic f i e l d .  

A t  t h e  re lak ive ly  slow v e l o c i t i e s  of ve r t i ca l ly - f ly ing  rockets  (at  
l ea s t ,  i n  t h e  upper port ions of t h e i r  t r a j e c t o r i e s )  ion thermal v e l o c i t i e s  
mater ia l ly  a f f e c t  t h e  determina,tion of p o s i t i v e  ion concentrations;  t he re 
fore ,  ion temperature and ion mass composition must be  known i f  t h e  r e s u l t s  
a r e  to be in te rpre ted .  

A l l  o f  t h i s  makes rocket probe measurements complex, and demands very 
ca re fu l  experiment preparat ions and, as a ru le ,  laborious processing of 
experimental r e s u l t s .  

Let us pass on t o  t h e  r e s u l t s  of rocket experiments. Figure 1p l o t s  
t h e  d i s t r i b u t i o n  of e lec t ron  concentration aga ins t  a l t i t u d e  (ne(h) - pro
f i l e s )  obtained by a. dispers ion radiointerferometer  i n  f i r i n g s  of geophy
s i c a l  rockets  by t h e  Academy of Sciences, USSR. The so l id  curves r e f e r  
t o  daytime launches, and t h e  broken curves t o  morning launches. Two 1958 
curves a r e  given f o r  purposes of comparison, a s  they were obtained by t h e  
same method (Ref. 11, l2). 

A comparison of curves 'belonging t o  d i f f e r e n t  years  (see FSGure 1) 
shows us t h a t  t h e  main ion iza t ion  peak in t h e  years c lose t o  the  s o l a r  
a c t i v i t y  minimum i s  severa l  t imes smaller i n  s i z e  and 50-100 km lower i n  
a l t i t u d e  than i n  t h e  year near t h e  s o l a r  a c t i v i t y  maximum. The 
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concordant behavior of t h e  curves per ta ining t o  reduced so la r  a c t i v i t y  
(1961-1963), and t h e  decrease i n  e lec t ron  concentration above t h e  peak 
i n  t h e  F region, which w a s  much more rapid i n  1961-1963 than i n  1958, are 
c l e a r l y  apparent. 

These deductions from a comparison of t h e  ne(h) - pro f i l e s  i n  Figure 1 
a re  i n  agreement with t h e  experimental f indings on ion concentration. /l7l 
These f indings ind ica te  t h a t ,  as so la r  a c t i v i t y  decreases i n  i t s  eleven-
year cycle, ion concentration i n  t h e  ionosphere i s  subs tan t ia l ly  reduced, 
and ni decreases more rap id ly  as a l t i t u d e  increases above t h e  peakt f  i n  t h e  
F region. This information came from t h e  ion t r a p s  i n s t a l l e d  on Kosmos-2" 
(see Section 11). 

Figure 2 depic t s  t h e  +(h)  - pro f i l e s  similarlymeasured during U.S .  
rocket f l i g h t s  (Ref. 3, 5, 6, 8). We should note t h a t  t h e  curve of March 
29, 1962, w a s  derived from observations of t h e  Farada,y e f fec t ,  because 
the re  w a s  rad io  in te r fe rence  on one of t h e  two interferometer frequencies. 
I n  t h e  sec tors  compared, t h e  curves i n  Figure 2 a re  c lose enough t o  each 
other, but  w e  cannot f a i l  t o  not ice  a percept ible  difference i n  the  slopes 
of these  curves. I n  general, t h e  curves of Figures 1and 2 a re  i d e n t i c a l  
i n  character,  while t h e  ne values measured a t  d i f f e ren t  a l t i t u d e s  ( i n  1960
1963) a r e  c lose t o  each other.  

During rocket launches t h e  a l t  i tuhe d i s t r ibu t ion  measurements of 
charged p a r t i c l e s  were a l s o  car r ied  out by various probing methods. Figure 
3 i l l u s t r a t e s  such measurements with two n - (h) d i s t r ibu t ions  obtained i n  
t h e  U.S. with ion t r a p s  ( s o l i d  curve from t R e f .  21, dotted curve from 
[Ref. 61). Both d i s t r ibu t ions  a r e  nocturnal  (about midnight); t h e  d i f f e r 
ence between t h e  behavior of t h e  curves may, on t h e  one hand, be a t t r i b u 
t e d  t o  d i f f e r i n g  ionospheric states during t h e  experiments. C h  t h e  other  
hand, t h i s  divergence may possibly r e s u l t  from e r ro r s  introduced i n t o  t h e  
probe measurements by t h e  diverse  f ac to r s  mentioned previously. 

The scope of ionospheric rocket research i s  now great ,  as  i s  i l l u s 
t r a t e d  by Table 2 containing incomplete daka on rocket f i r i n g s  i n  severa l  
countr ies  (Ref. 13-15). The program OP t h e  IQSY ( In te rna t iona l  Quiet  SUE 
Year) (1964-1965) c a l l s  f o r  rocket launchings at f i f t e e n  locat ions i n  t e n  
countr ies  t o  inves t iga te  t h e  ionosphere (Ref. 16). Because of t h e  impor
tance of research by vertically-launched rockets  and i n  order t h a t  t h i s  
research m y  be conducted by uni f ied  methods, t h e  In te rna t iona l  Committee 
on Space Research (COSPAR) has published a handbook describing t h e  recom
mended measurement methods and t h e  corresponding equipment (Ref. 17). 

11. Sate l l i t  e Measurements 

When speaking of measurements by satell i tes,  w e  m u s t  bear  i n  mind t h a t  
l o c a l  measurements do not i n  t h i s  case give t r u e  v e r t i c a l  cross  sect ions 
of t h e  ionosphere, due t o  t h e  presence of a hor izonta l  component of s a t e l 
l i t e  ve loc i ty  which, i n  most cases, far exceeds t h e  v e r t i c a l  component. The 
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TABLE 3 


IONSPHERE RFSEARCH BY SATELLITES 

~-. .  

Date of 
Launch Sate l l i te Country 

Measured 
Ion0sphere 
Parameters 

Measurement 
Met hod 

2/3/1960 Explorer 8 U.S. 

10/13/1961 Discoverer 32 II 

4/6/1962 Kosmos-2 USSR 

4/17 Discoverer U.S. 
4/26 Arie l  1 Eng., U.S. T, 
6 A i r  Force U.S. T 

9/29 Alouette Canada, U.S. p, R 
1962-1964 Kosmos s e r i e s  

(except 
USSR Y 

e11 R 

KOsmos-2) 

4/3/1963 Explorer 17 U.S. P 
1964 Elekt ron se r i es USSR R 
8/25 om-1 U.S. T 

9/4 . Explorer 22 11 
p, R 

10/9 Explorer 20 11 

T, R 

r e s u l t  i s  t h a t  hor izonta l  gradients  severely a f f e c t  measurements of 
a l t i t u d e  d i s t r fbu t ions  of ionosphere parameters. This i s  associated 
both with t h e  inhomogeneous s t ruc tu re  of t h e  ionosphere, and v i t h  t h e  
rapid change i n  l a t i t u d e  and l o c a l  sun time along t h e  s a t e l l i t e ' s  o rb i t .  

For ionosphere study, s a t e l l i t e s  employ va r i an t s  of t h e  same methods / l72 
used 'by rockets,  but  substantia.1 ex t ra  d i f f i c u l t y  i s  involved i n  t h e  
s a t e l l i t e  use of radiointerferometry t o  measure ne. 

Posi t ive i o n  concentrations a r e  measured with grea,ter s impl ic i ty  
by i o n  t r a p s  on s a t e l l i t e s  than on rockets.  Chiefly because of t h e  
great  speed of  a s a t e l l i t e ,  t h e  contribution made by t h e  thermal motion 
of ions t o  the  t r a p  co l l ec to r  curreilts may, a t  l e a s t  i i i  t h e  region of 
heavy ion (O+) prevalence, be neglected. Even a f t e r  t h e  f i r s t  revolu
t ion,  moreover, t h e  desorption of gas from t h e  s a t e l l i t e  surface becomes 
ins igni f icant .  

Therefore, an in te rpre ta t ion  of measurement r e s u l t s  becomes simpler 
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and t h e i r  r e l i a b i l i t y  grea te r .  A t  t he  same time, i f  aspher ica l  ion t r a p s  
a r e  employed on a n  uiioriented s a t e l l i t e ,  t he  o r i en ta t ion  of t h e  t r a p s  
r e l a t i v e  t o  t h e  s a t e l l i t e ' s  vector  ve loc i ty  a f f e c t s  t h e  measurements. 

Successful measurements of pos i t i ve  ion concentrations i n  t h e  iono
sphere were f irst  car r ied  out aboard a s a t e l l i t e ,  spec i f i ca l ly ,  t h e  
t h i r d  Soviet s a t e l l i t e  (1958), by means of spher ica l  ion  t r a p s  (Ref. 18). 
I n  t h e  United S ta tes ,  t h e  f i rs t  successful  ion t r a p  measurements were 
made more than two years  l a t e r  (by t h e  s a t e l l i t e  Explorer 8, 1960) (Ref.9). 
Since then ion t r a p s  have been repeatedly aiid successful ly  used i n  iono
sphere research, a s  i s  evident,  f o r  example, from Table 3. This t a b l e  i s  
a compilation of t h e  s a t e l l ' - - s  launched i n  1960-1964,which conducted 
(and a r e  conducting) s tud ie s  of t he  ionosphere (nota t ion  t h e  same as i n  
Table 1; t h e  l e t t e r  T denotes measurements by charged p a r t i c l e s  t r a p s ) .  

Figure 4 dep ic t s  a n  n i  (h) curve obtained by means of f l a t  ion t r a p s  
on t h e  s a t e l l i t e  "Kosmos-2" on Apr i l  7, 1962 (Ref. 20, 21) and a n  ne(h) 
curve obtained by rad io  frequency probing by the  Anglo-American s a t e l l i t e  
"Ariel-1" on May 13, 1362 (Ref. 22). The rrK~smos-211curve r e f e r s  t o  l o c a l  
dayl ight  time and t h e  "Ariel-1" curve - t o  t h e  morning hours. Figure 4 
makes it c l e a r  tha,t t h e  n i ( h )  and ne(h) funct iogs were derived over a very 
broad l a t i t u d e  range ( i n  t h e  f i r s t  case ACp = 79 , and i n  t h e  second /172
A c p =  67"). The s u b s t a n t i a l  d i f fe rences  i n  measurement conditions not
withstanding, t hese  curves i n  general  f a i r l y  w e l l  agree with each other .  
I n  t h e  800-1000 km range, however, t h e  curves t a k e  divergent courses, t h e  
explanation f o r  which may be  t h a t  it i s  at these  he ights  t h a t  t h e  l a t i 
tudes i n  which t h e  measurements were made d i f f e r  most from each other .  

It w a s  a l ready noted i n  Section I t h a t  t h e  comparison of 1'Kosmos-2r' 
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measurements with t h e  r e s u l t s  of those i n  1958 on t h e  t h i r d  s a t e l l i t e  
warranted our drawing ce r t a in  conclusions about t h e  v a r i a b i l i t y  of 
n i (h)  d i s t r i b u t i o n  i n  t h e  eleven-year cycle of so l a r  a c t i v i t y .  This 
i s  presented i n  more d e t a i l  i n  a spec ia l  repor t  on t h e  r e s u l t s  of 
measurements performed aboard I tKbsmos-2" (Ref. 21). 

It i s  per t inent  t o  r e c a l l  here t h a t ,  as mentioned above, t h e  a l t i 
tude dependences of any parameters p lo t t ed  from s a t e l l i t e  measurement 
data a r e  not t r u e  a l t i t u d e  d i s t r ibu t ions  of t h e  parameters, but  serve 
only t o  present r e s u l t s  i n  a compact form. This remark only appl ies  t o  
measurements made 'by ionospheric s t a t ions  i n s t a l l e d  i n  s a t e l l i t e s .  

An extremely promising method of ionosphere study i s  radio probing 
of t h e  ionosphere below from s a t e l l i t e s  f ly ing  above t h e  F region peak. 
The f irst  experiments i n  probing t h e  ionosphere from above were performed 
on American rockets  i n  June and October, 1961 (Ref. 4, 23) for a prelimi
nary t e s t  of t h e  measurement methods. The Canadian-American rocket 
Alouette" (see, f o r  example [Ref .  241) was launched on September 29, 1962 

with an ionospheric s t a t i o n  aboard. The o r b i t  of t h i s  satell i te w a s  
almost c i r cu la r  (height above t h e  Earth 's  surface - 1000 km, o r b i t a l  
i nc l ina t ion  -80') ; therefore ,  alt i tude-frequency cha rac t e r i s t i c s  (iono
grams) could be received f o r  a protracted per iod t o  p l o t  v e r t i c a l  cross-
sect ions of  t h e  outer  ionosphere. The s a t e l l i t e ' s  equipment made it 
possible  t o  record t h e  ionograms every 17 sec, bu t  t he re  w a s  no memory /174
u n i t  aboard t h e  s a t e l l i t e .  Information could be received from t h e  s a t e l 
l i t e  only under d i r e c t  transmission conditions by spec ia l  receiving 
s t a t i o n s  a t  a r e s t r i c t e d  number of locat ions.  
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On August 25, 1964 t h e  United S ta t e s  hunched another s a t e l l i t e  t o  
probe t h e  ionosphere from above - "Explorer 20". Pulse probing from 
t h i s  s a t e l l i t e  took p lace  a t  s ix  f ixed  frequencies  i n  t h e  same range. 

A s  a l ready  mentioned, d i r e c t  measurements of environmental parameters 
by s a t e l l i t e s  i s  general ly  r e s t r i c t e d  due t o  t h e  d i f f i c u l t y  of d i s t i n 
guishing t h e  v e r t i c a l  and hor izonta l  changes i n  t h e  quan t i t i e s  t o  be m e a 
sured (i.e.,  t h e  d i f f i c u l t y  of obtaining an a l t i tude  p r o f i l e ) .  By t h e  use 
of "flying ionospheric s t a t ions"  ( l i k e  "Alouette"), it i s  i n  p r inc ip l e  
poss ib le  t o  obtain a v e r t i c a l  c ross  sec t ion  of e lec t ron  concentration 
above t h e  F region pea.k a.t any point  on t h e  s a . t e l l i t e ' s  o r b i t .  W e  must, 
however, not forge t  t h a t  t h e  values of ne thus  der ived are average f o r  
comparatively l a rge  regions.  Thus, f o r  example, i n  rad io  probing from a 
s a t e l l i t e  f l y i n g  at a height of t h e  order  of 100 Ism above t h e  layer  under 
invest igat ion,  t h e  e l ec t ron  concentration t o  be measured i s  averaged over 
a region of l i n e a r  dimensions i n  a ho r i zon ta l  plane on t h e  order  of sever
a.1 kilometers. 

By way of an exa,mple, Figure 5 represents  equa to r i a l  ne(h) - p r o f i l e s  
derived from d a t a  received i n  Singa.pore from ''Alouette'' (Ref. 25). These 
curves show the  p o t e n t i a l i t i e s  of r ad io  probing from ahove (curve 3 i s  
daytime, curves 1amd 2 are  morning). 

One of t h e  i n t e r e s t i n g  r e s u l t s  obtained by "Alouette" (October 29, 
1962) i s  t h e  frequent de tec t ion  of regions with very grea t  hor izonta l  
gradients  a t  a l l  he ights  inves t iga ted  (see Figure 6, which shows t h e  i so
lilies of t h e  r e f l e c t e d  s i g n a l  frequencies).  I n  addi t ion,  regions of 
s l i g h t l y  elevated e l ec t ron  concentration s t r e t ch ing  along magnetic 
f i e l d  l i n e s  of force  haxe been discovered (Ref. 26). 
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Figure 6 

Only about 5% of t h e  alt i tude-frequency cha rac t e r i s t i c s  obtained by 
means of "Alouette" have been processed, because of t h e  great  number of 
them and t h e  laboriousness of t h e  operation. We would l i k e  t o  note t h a t  
alt i tude-frequency cha rac t e r i s t i c s  from "Alouette" a r e  sent t o  World Center 
A i n  New York, from which any country ma.y obtain them (Ref. 26).  

I n  both t h e  USSR and t h e  U.S. (see, f o r  example, iRef. 27, 281 iono
sphere research i s  being conducted by means of rad io  waves of d i f f e ren t  
frequencies emitted by s a t e l l i t e s ;  here dispers ion interferometry i s  ordi
na r i ly  used. References 29 and 30, f o r  example, examine t h i s  method as 
a,pplied t o  s a t e l l i t e s .  

A s  can be infer red  from these  papers, t h e  ca lcu la t ion  of l o c a l  e lec
t ron  concentration ne from da ta  of t h i s  type of measuring leads t o  very 
large e r ro r s  when s a t e l l i t e s  a r e  employed. 

A nurdber of a r t i c l e s  (e.g., Ref. 31-33) descr ibe experiments conducted 
by a phase method during f l i g h t s  of t h e  "Kosmos" s e r i e s  of  s a t e l l i t e s  and /175 
o n  "Elektron-1". These works attempt t o  determine l o c a l  e lec t ron  concentra
t i o n s  i n  t h e  v i c i n i t y  of t h e  s a t e l l i t e ,  although t h e  conclusions drawn i n  
[Ref. 29, 301 as t o  t h e  low accuracy of such est imates  a r e  e n t i r e l y  p e r t i 
nent t o  these measurements. It i s  impossible not t o  draw a t t en t ion  a l s o  
t o  the  f a c t  t h a t  t h e  ne peaks above the  F layer  c i t e d  i n  [Ref. 31-33] 
were not detected by other  experiments measuring e lec t ron  concentration. 

Conel u sion 

Because t h e  ionosphere i s  an extremely complex, inhomogeneous, and 
temporally unstable  medium, measurements there in ,  as p a r t i a l l y  noted above , 
encounter a s e r i e s  of d i f f i c u l t i e s ,  and a l l  measurements t o  a grea,ter o r  
l e s se r  degree contain an  element of u n r e l i a b i l i t y  l inked e i t h e r  t o  methodo
log ica l  r e s t r i c t i o n s  or t o  interference of d i f f e r e n t  kinds.  To increase 
t h e  r e l i a b i l i t y  of t h e  findings,  it i s  therefore  very usefu l  t o  make com
parisons 'between experimental r e s u l t s  derived 'by diverse  methods. 

In  order t o  make rec iproca l  comparisons between measurement methods, 
severa l  i n t e re s t ing  experiments were made i n  t h e  U.S. using varied proce
dures t o  determine ionospheric parameters (pa r t i cu la r ly  ne) over t h e  same 
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Figure 7 

point .  Thus, on Apr i l  18, 1963, a rocket w a s  l o f t e d  hnto the  region 
through which t h e  ionospheric sa te l l i t e  "Explorer 17 w a s  passing. 
Maximum height of ascent  w a s  hmax = 320 km, and m i n i m u m  d is tance  between 
rocket and s a t e l l i t e  n r  N 32 km. On J u l y  2, 1963,a rocket w a s  sent  up
866 km and w a s  240 km away from "Alouette", while on September 28, 1963, the 
same rocket w a s  l o f t e d  t o  1030 km. On September 20, 1964,a rocket 
(ha= 1000 k m )  w a s  f i r e d  i n t o  t h e  region i n  which "Explorer 22" passed 
(hma M 1000 km). 

Figure 7 gives the  r e s u l t s  of these  simultaneous measurements made 
on September 28, 1963 with ion t r a p s  (curve l), 'by dispers ion i n t e r f e r 
ometry during t h e  f i r i n g  of t h e  rocket (curve 2), by a rad io  probe from 
"Alouette" (curve 3), and 'by t h e  method of incoherent rad io  wave s c a t t e r 
ing (curve 4) (Lincoln Laboratory f a c i l i t y )  (Ref .  8) .  A s  t h e  f igu re  shows, 
t h e  divergence of t h e  measurement resul ts  obtained by the  above methods i s  very 
s m a l l .  

T h i s  composite experiment convincingly demonstrates t h a t  a l l  t h e  
methods used the re in  co r rec t ly  present  t h e  true p rope r t i e s  of t h e  iono
sphere and are therefore  va l id .  

I n  experiments up till now on ver t ical ly- launched rockets,  l o c a l  
values  of ne have been measured by rad io  methods t o  a maximum height  of 
approximately 1600 km, which by our ca lcu la t ions  (made f o r  t h e  case of 
d i spers ion  interferometry)  a,pproaches t h e  extreme heights  t o  which these  
methods m a y  be appl ied (2OOO-25OO lun). Probe measurements may, i n  
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pr inc ip le ,  be employed a t  any al t i tude;  data from probe measurements at 
grea t  altitudes are presented i n  p a r t i c u l a r  i n  ( R e f .  1). 

I n  conclusion, it i s  advantageous t o  draw c e r t a i n  conclusions which 
w e  consider egsen t i a l .  

High-alt i tude rocke ts  are t h e  most reliable means of obtaining a l t i 
tude  p r o f i l e s  of charged p a r t i c l e  concentration ( j u s t  as of other  iono
sphere parameters) and give t h e  most accurate  r e s u l t s .  This explains  
t h e i r  ever- increasing u t i l i z a t i o n  f o r  t h i s  purpose i n  var ious countr ies  
( including t h e  United S ta t e s ) .  

S a t e l l i t e  use  of r ad io  in te r fe rence  methods t o  study t h e  ionosphere /176
e n t a i l s  s ign i f i can t  d i f f i c u l t i e s  and r e s t r i c t i o n s  i n  comparison with t h e i r  
use i n  ver t ical ly- launched rockets .  The u t i l i z a t i o n  of ion t r a p s  on satel
l i t e s , o n  t h e  contrary,  l eads  t o  s impl i f ied  processing of t h e  experimental 
da t a  and t o  more reliable r e s u l t s  from t h i s  processing, as compared t o  
t h e i r  use  on v e r t i c a l  rockets .  Ion t r a p s  are i n s t a l l e d  on many sa t e l l i t e s  
a t  t h e  present  t i m e .  

Let us denote some important r e s u l t s  of studying charged p a r t i c l e  
concentration i n  t h e  ionosphere by  rockets  and satel l i tes .  

The r e s u l t s  of geophysical rocket launches by the Academy of Sciences, 
USSR, t o  a l t i t u d e s  of - 500 km from 1958 through 1963 has demonstrated t h e  
i n t r i n s i c  dependence of  a l t i t u d e  d i s t r i b u t i o n  of charged p a r t i c l e s  above 
t h e  F region m a x i m u m  on t h e  phase of s o l a r  a c t i v i t y .  

A fu r the r  s t ep  i n  ionosphere research i s  t h e  organiza,tion of pulse  
rad io  probing from above, which f o r  t h e  f i rs t  t i m e  has enabled us t o  
obtain a c l e a r  idea of t he  hor izonta l  g rad ien ts  of e lec t ron  concentra,
t i on .  The d isc losure  of frequently-encountered zones of very considerable 
hor izonta l  g rad ien ts  forb ids  t h e  use of a stratified-homogeneous ionosphere 
model i n  a number of cases.  

S a t e l l i t e  r a d i o  probing i s  the  only sa te l l i t e  method permi t t in  
der iva t ion  of a l t i t u d e  d i s t r i b u t i o n s  of e l ec t ron  concentration ne( h 
which are p r a c t i c a l l y  f ree  from t h e  inf luence of hor izonta l  gradients  ne= 
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THE OUTER REGION OF TKE EAKCH'S IONOSPHERE (FROM 2000 TO 20,000. KM) 

V. V. Bezrukikh and K. I. Gringauz 

This r epor t  b r i e f l y  presents  t h e  state of information on t h e  outer  
region of t h e  Ea r th ' s  ionosphere above 2000 km. U n t i l  r ecen t ly  experimen
t a l  da t a  on t h i s  ionosphere region have been very scanty. The exis tence 
of a r e l a t i v e l y  cool  plasma surrounding t h e  Earth, wi th  p a r t i c l e '  energies  
of no more than one e l ec t ron  v o l t  and concentrations g rea t e r  than  t h e i r  
concentration i n  t h e  in te rp lane tary  environment, was discovered with 
charged p a r t i c l e  t r a p s  on Soviet lunar rockets  i n  1959 (Ref. 1). I n  1958 
it w a s  thought t h a t  a charged p a r t i c l e  concentration matching t h e  conditions 
i n  in te rp lane tary  space OCCUTS a t  a l t i t u d e s  of 2OOO-3OOO km ( R e f .  2). 
Although as e a r l y  as 1953,when studying so-cal led whis t l ing  atmospherics, 
Storey (Canada) estimated e lec t ron  concentration ne at 12,500 km as 103cm-3, 
mt i l  t h e  Soviet  moon rockets  t h i s  r e s u l t  w a s  o rd ina r i ly  not applied t o  t h e  
ionosphere, but t o  t l w  in te rp lane tary  medium, s ince  before 1959 it w a s  gen
e r a l l y  believed t h a t  ne i n  in te rp lane tary  space w a s  - 103cm-3 ( R e f .  3). /178 

In  1961 Al 'pe r t  e t  a l .  ( R e f .  1) published t h e  curve showing the  a l t i 
t u d i n a l  behavior of cliarged p a r t i c l e  concentrat ion (Figure 1). This curve 
was p lo t t ed  from the  r e s u l t s  of measurements made a t  d i f f e r e n t  t i m e s  by 
various methods. 

2 38 



USbIi Acad. ,o f  
' - 2/21/58 

i3ocEet
e Geophysicalc i  n 

2 - 5/19 Third S a t e l l i t e  
3- 9/12 /59 Luna-2 

Figure 1 

Data der ived i n  1958 'by dispers ion interferometry during f i r i n g s  
of USSR Academy of Sciences geophysical rockets  and by spher ica l  ion 
t r a p s  on t h e  t h i r d  Soviet sa te l l i t e  were used t o  p l o t  t h e  curve of 
charged p a r t i c l e  concentration a t  heights  t o  1000 km ( R e f .  4, 5) .  

The concentration of charged p a r t i c l e s  at heights  of more than 
2000 km w a s  obtained with three-electrode charged p a r t i c l e  t r a p s  on 
t h e  second Soviet space rocket ("Luna-2") ( R e f .  6, 7). A t  t h a t  t i m e  
t hese  were t h e  only experimental  data on t h i s  region. It i s  c l e a r  
from t h e  curve (Figure 1) t h a t  i n  t h e  5 l t i t u d e  region from - 2000 t o  
-1gjOOO km t h e  value of n i  w a s  -lo3 em- , while a t  t h e  height of 
20,000 k m  t h e  value of ni w a s  less  than 10" Reference 1 
pointed out t h a t  i n  t h e  fu ture  repeated measurements of ion concentra
t i o n  i n  t h e  per iphera l  por t ion  of t h e  ga,seous envelope of t h e  Ea.rth 
should he made, t h e  s t a b i l i t y  of i t s  height ve r i f i ed ,  and t h e  dependence 
of t h i s  height on geographical 1a.titude checked. I n  t h e  a l t i t u d e  range 
from 1000 t o  2000 km i n  1959, t he re  were no da ta  on measurements of ne 
and ni; therefore ,  t h e  por t ion  of t h e  curve i n  Figure 1 jo in ing  these  
heights  has been l e f t  as a, matter of judgment. On publ icat ion of 
Fiigure 1, it w a s  remarked that,because of t h e  def ic iency of d a t a  on t r a p  
o r i en ta t ion  during t h e  f l i g h t  of "Luna-2'; any of t h e  values of ni 
might 'be l e s s  than  i t s  t rue  reading - e.g., 'by a f a c t o r  of two - but 
meanwhile it w a s  stressed t h a t  t h e r e  w a s  no doubt as t o  t h e  r e a l i t y  of 
t h e  acce lera ted  drop i n  ni i n  t h e  l5OO-2OOO km a l t i t u d e  range ( R e f .  1). 
The conclusion t h a t  t h e  ions recorded by t h e  t r a p s  up t o  heights  of- 20,000 km are low i n  energy and tha.t t h e  plasma de tec ted  cons is t s  of 
p a r t i c l e s  possessing thermal v e l o c i t i e s  w a s  drawn from a comparison of 
t h e  readings of charged p a r t i c l e  t r a p s  on "Luna-2" with t h e i r  ex te rna l  
g r id  p o t e n t i a l s  d i f f e r i n g  by a s ingle  vo l t .  

I n  ( R e f .  8) it wa,s deduced from an ana lys i s  of t h e  da t a  obtained 
t h a t  t h e  region i n  question i s  f i l l e d  with hydrogen ions - protons.  
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Figure 2 

We w i l l  give a short  l i s t  of t h e  experiments which have studied t h e  & 
per iphera l  por t ion  of t h e  Earth's ionosphere since t h e  f l i g h t  of "Luna-2" 
i n  1959. 

I n  1961 Bridge e t  al .  (Ref. 9) by means of a modulation ion t r a p  on 
t h e  s a t e l l i t e  "Ekplorer 10" observed a r e l a t i v e l y  cool s ta t ionary  plasma 
at  geocentric d i s tances  of 1.3 t o  2.9 Re, i - e . ,  at heights  above t h e  
ea r th  from - 2000 t o  - 12,500 km. 

I n  1962 measurements of ion concentration i n  t h e  per iphera l  region 
of t h e  ionosphere were made at grea t  heights  during t h e  f l i g h t  of t h e  
space s t a t i o n  "Mars-1" (Ref. 10). Up t o  heights  of 18,000 km, a t r a p  
with zero p o t e n t i a l  on i t s  ex terna l  grid reg is te red  a pos i t i ve  current,  
while a negative current flowed i n  a t r a p  with a +5O-v p o t e n t i a l  on t h i s  
gr id  (Figure 2 ) .  These measurements a l so  ind ica te  t h a t  t he  ea r th  i s  
surrounded by an ionized gaseous envelope t o  heights  of - 18,000 km. 

I n  1963 Carpenter (U.S.) published h i s  observational r e s u l t s  on t h e  
propagation of whist l ing atmospherics (Ref. 11). He detected a sharp 
drop i n  e lec t ron  concentration i n  equator ia l  l a t i t u d e s  at geocentric d i s 
tances of 3-kRQ. Carpenter's view i s  t h a t  t h i s  drop, which he c a l l s  t h e  
"knee e f f e c t  1s character ized 'by a decrease i n  e lec t ron  concentration of 
no l e s s  than six t imes (Figure 3). Carpenter emphasizes t h a t  t h e  "knee 
e f f e c t "  i s  a constant phenomenon, although it may 'be observed a t  d i f f e r 
ing dis tances  because of change i n  magnetic a c t i v i t y .  H i s  observations 
showed t h a t  t h e  "knee" var ied i n  pos i t ion  from 3% a t  2 =,6t o  4.5-7Re 
under p a r t i c u l a r l y  quie t  magnetical conditions. Carpen e r  s paper a l s o  
noted t h e  connection between h i s  "knee e f f e c t "  and t h e  r e s u l t s  of experi
ments with t r a p s  on " I ~ n a - 2 ~ '( rhna-2 t r ' s  r e s u l t s  a r e  indica,ted by t h e  s m a l l  
c i r c l e s  i n  Figure 3). 

We would l i k e  t o  remark t h a t  i n  1964 Carpenter continued and consider
ably expanded h i s  inves t iga t ions  of t h e  "knee" i n  t h e  equator ia l  p ro f i l e s .  
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The reality of the "knee" effect has been completely confirmed by nwner
ous observations. Much work has been done on studying the changes of the 
height of the "knee" with the time of day and in connection with geomagnetic 
perturbations. Unfortunately, we have at our disposal only the abstracts 
of the reports of Carpenter and others (Ref. 12, 13) .  The text of the 
reports has not yeh, however, been published in its entirety. 

At the end of 1963, a similar'effect was discovered by Serbu (U.S.) 
on "IMP-1"("Explorer 18")(Ref. 14). During observations of the low-
energy electron streams (E < 5 ev) by means of a three-electrode trap for 
charged particles close to the Earth, a sharp decrease in the recorded 
streams (N) was found at geocentric distances of-2.2-4 Re (Figure 4). The 
special features of Serbu's experimental methods (in particular, the 
great positive, electron-attracting potential on the external grid of the /180 
trap) prevented him from converting the recorded streams into electron 
concentrations. There is not doubt, however, that the effect of a decrease 
in the stream magnitudes at the above distances is the same effect ob
served in the ion component of circmterrestrial plasma on "Luna 2", and 
also in the electron component in Carpenter's measurements. Among other 
scientific instruments, "Elektron-2"had a three-electrode, charged-particle 
trap similar to those on other Soviet space probes, beginning with the 
Lunniks (Ref. 1, 6, 10, 1 5 ) .  

The satellite "Elektron-2" was lofted on January 30, 1964 into orbit 

withanapogee 0 f ~ 1 1 . 6 ~ ~ 
(from the Earth's center) at an angle to the 
equatorial plane of 61" . Altitude of perigee was 400 km. One of the orbit's 
features was that the satellite was over the tropical regions of the Earth 
when it traversed the altitude region from-5000 to-24,000 km. 

The potential of the trap's external grid was the same as that of the 

satellite's frame. The trap was therefore able to record positive ions of 

all energies above the satellite's potential with respect to the surrounding

environment. 


At present, the three-electrode trap with constant potentials on the 

electrodes is regarded as a very coarse instrument, in comparison with traps 
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Figure 4 

with varying p o t e n t i a l s  on t h e  e lec t rodes .  Nevertheless, since t h e  
r e s u l t s  of t h i s  experiment a r e  comparable with those  obtained e a r l i e r  
i n  1959 on lunar  rockets,  and i n  1962 on t h e  space s t a t i o n  "Mars l", 
because of t h e  i d e n t i c a l  methods and because measurements were performed 
during a grea t  number of "Elektron-2" c i r c u i t s  about t h e  Earth, they r e 
present a very important stage i n  t h e  study of t h e  pe r iphe ra l  por t ion  of 
t h e  ionosphere i n  t h e  a l t i t u d e  range i n  question. 

By way of example, Figure 5 gives t h e  t r a p  c o l l e c t o r  current values 
measured on February 28 -29, 1964, along t h e  s a t e l l i t e  s o r b i t .  Current varia
t i o n s  of t h i s  nature are t y p i c a l  of  a l l  t h e  revolu t ions  of t h e  s a t e l l i t e .  
Every time t h a t  it approached t h e  Earth t h e r e  w a s  a comparatively abrupt 
increase i n  t h e  current created by pos i t i ve  ions (beginning a t  a l t i t u d e s  
from - 20,000 t o  - 15,000 km). Every time t h a t  it r e t r e a t e d  from t h e  
Farth, a current drop of a similar type w a s  observed. These co l l ec to r  
current va r i a t ions  a r e  s i m i l a r  t o  t h e  cur ren t  decrea,ses observed i n  1959 
i n  t h e  charged p a r t i c l e  t r a p s  on t h e  Soviet lunar rockets as they  receded 
from t h e  Earth (Ref. 1, 5).  A s  mentioned above, t h e  conclusion w a s  then 
drawn t h a t  t h e  cu r ren t s  i n  t r a p s  with zero o r  negative p o t e n t i a l s  on t h e  
ex te rna l  g r ids  were formed by ions of t h e  Ear th ' s  plasma envelope, which 
i s  a d i r e c t  continuation of t h e  ionospheric regions previously known and 
cons i s t s  of p a r t i c l e s  with low (thermal) energies (Ref. 6, 7). 

From measurement da ta  of t h e  charged-particle t r ap -co l l ec to r  current 
i n  t h e  s a t e l l i t e  "Elektron-2" (these da t a  p e r t a h  t o  seve ra l  t e n s  of sakel
l i t e  revolutions),  w e  may c l e a r l y  see t h a t  t h e r e  i s  always a.n accelerated 
drop i n  thermal ion  concentra,tion with a l t i t u d e  i n  t h e  Earth 's  plasma &I 
envelope (ionosphere) . This w a s  discovered during i s o l a t e d  measurements 
on lunar rocke ts  a t  heights of 15,000-20JOO0 km. These a l t i t u d e s  axe 
considerably lower than  t h e  minimum boundary of t h e  magnetosphere. We 
would l i k e  t o  remark t h a t  s ince  t h e  current values above 30°10-"amp are 
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Figure 5 

beyond t h e  range l i m i t s  of t h e  amplif ier ,  l a rge  concentrations of ions 
corresponding t o  the  lower p a r t  of t h e  ionosphere, where t h e  s a t e l l i t e ' s  
per igee i s  located, could not be determined i n  t h i s  experiment. 

Ion concentrations near t h e  Ear th  were estimated, j u s t  as when t h e  
"Luna-2" da t a  were processed (Ref. l), from t r a p  co l l ec to r  current  magni
tudes under t h e  following b a s i c  assumptions. 

(1) The assumption was made t h a t  t h e  g rea t e s t  measured co l lec tor -
current  value i n  t h e  v i c i n i t y  of a given a l t i t u d e  corresponds t o  congru
ence between t h e  normal t o  the  t r a p  co l l ec to r  and t h e  s a t e l l i t e ' s  vector  
of veloci ty .  I n  ac tua l i t y ,  t h i s  corresponded t o  only t h e  g rea t e s t  approxi
mation of t hese  two d i r ec t ions  t o  each other .  

0 

( 2 )  The e f f e c t  exer ted by t h e  s a t e l l i t e ' s  e l e c t r i c a l  p o t e n t i a l  
r e l a t i v e  t o  t h e  surrounding plasma on t h e  co l lec t ion  of ions i n  t h e  t r a p  
was not taken in to  consideration. The v a l i d i t y  of  t h i s  assumption a,t 
a l t i t u d e s  up t o  - 3% i s  corroborated by Serbu's measurements, which show 
t h a t  t h i s  p o t e n t i a l  at t hese  heights  i s  c lose  t o  zero (Ref. 14 ) .  It i s  
important t o  note t h a t  i n  t h e  per iod from January 31 t o  February 1.3, 1964, 
when t h e  sa te l l i t e  retreated from t h e  Farth, t h e  sec tor  of i t s  o r b i t  
a t  a l t i t u d e s  from - 3000 t o  - 10,000 km w a s  not illumina,ted by t h e  Sun, 
:.e., t he re  w a s  no photoe lec t r ic  e f f e c t  from t h e  s a t e l l i t e ' s  surface a t  
these  a l t i t u d e s ,  and i t s  e l e c t r i c a l  p o t e n t i a l  r e l a t i v e  t o  t h e  surrounding 
plasma could not 'be pos i t i ve .  I n  a.ddition, as already noted i n  ( R e f .  l), 
t h e  ion  current  i n  a t r a p  normal t o  t h e  sa te l l i t e ' s  ve loc i ty  vector  i s  
least sens i t i ve  t o  t h e  p o t e n t i a l  value of t h e  s a t e l l i t e .  
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Figure 6 

Figure 6 gives a number of values of ni obtained during seven pas
sages of t h e  s a t e l l i t e  near t h e  Earth and t h e i r  dates .  (The encircled /182 
ni values correspond t o  measurements made when t h e  s a t e l l i t e  was i n  t h e  
Ea r th ' s  shadow.) These da ta  lead to t h e  following conclusions: 

(1) A s  pointed out i n  (Ref. 1, 7),t h e  thickness  of t h e  ionosphere 
region i n  which charged p a r t i c l e  concentration i s  grea te r  than 10" 
reaches l5.,000-20,000 km. 

( 2 )  The a l t i t u d i n a l  d i s t r ibu t ion  of ni within t h i s  region d i f f e r s  
percept ibly from t h a t  c i t e d  i n  (Ref. 1). If t h e  a l t i t u d e  dependence of 
n i  i n  Figure 6 i s  very similar t o  t h e  d i s t r i b u t i o n  given i n  (Ref. 1) at  
a l t i t u d e s  above - 10,000 km (see Figure l), t h e  n i  values per ta ining to 
a l t i t u d e s  from 2,000 t o  10,000 lan a r e  severa l  times la rger  than t h e  values 
fo r  t h e  same a l t i t u d e s  i n  Figure 1. The new ni da ta  coincide dore c lose ly  
with t h e  r e s u l t s  of t h e  d i f f e ren t  d i r e c t  measurements of e lec t ron  and ion 
a l t i t u d e  d i s t r ibu t ions  made i n  1960 at a l t i t u d e s  from 1000 t o  2000 km 
(including measurements made with ion traps on t h e  s a t e l l i t e  "Kosmos-2" 
i n  1962, according t o  which t h e  n.  mounts  t o  severa l  u n i t s  per  lo4 em3 

at  a l t i t u d e s  of - 1500 km [Ref. d]). 
It should a l so  'be noted t h a t  t h e  a1titl;jde d i s t r ibu t ions  of iotn 

concentration ni(h) which were obtained by Elektron-2" i n  t h e  a l t i t u d e  
region below 10,000 km a r e  i n  subs tan t ia l ly  b e t t e r  agreement with t h e  
e lec t ron  concentration a l t i t u d e  d i s t r ibu t ion  ne(h) obtained by Carpenter 
from the  data  of whist l ing atmospherics (Figure 3 ) .  

We have a.lready pointed out, i n  publ icat ions present ing t h e  r e s u l t s  
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of ni measurements on lunar  rockets  of 1959, t h a t  t h e  determined values 
of ni might be l e s s  than t h e  true values ( fo r  example, by a f a c t o r  of 
two). However, a t  t h e  same t i m e  we noted t h e  indubi table  r e a l i t y  of 
an accelerated drop i n  ni with a l t i t u d e  a t  h >z15,000Jan. . 

Because of t h e  divergent r e s u l t s  of t h e  ni determinations on lunar 
rockets  and on "Elektron-2", we again examined t h e  primary r e s u l t s  of t h e  
1959 measurements near Earth using charged p a r t i c l e  t r aps .  I n  so doing 
w e  found tha t ,  apar t  from inexact information on t r a p  or ien ta t ion ,  t h e  
phenomenon of r e s t r i c t e d  co l l ec to r  current i n  t h e  on-board current  ampli
f i e r  could a f f ec t  t h e  ni value decrease, i n  compa,rison with t h e  true 
values, i n  t h e  a l t i t u d e  region below 10,000 km. It i s  impossible t o  
a sce r t a in  with ce r t a in ty  whether t h i s  previously overlooked phenomenon 
af fec ted  t h e  r e s u l t s .  

When comparing t h e  r e s u l t s  of t h e  lunar rockets  and of "Elektron-2", 
we must, however, bear  i n  mind t h a t  Obaj,ashi (Ref  17) - when analyzing
Carpenter's r e s u l t s  (Ref. 11) and those of t h e  lunar rockets  ( R e f .  1) -
formulated t h e  hypothesis t h a t  t h e  divergence i n  a l t i t u d e  dependences 
presented i n  (Ref. 1) and (Ref. 11)might be caused by t h e  f a c t  t h a t  t h e  
measurements were made over regions of d i f f e r i n g  l a t i t u d e .  There i s  /183 
reason t o  assume t h a t  t h e  a l t i t u d e  d i s t r i b u t i o n  of temperature depends 
e s sen t i a l ly  on geomagnetic l a t i t ude .  Owing t o  t h e  e s s e n t i a l l y  anisotropic  
nature of thermal conductivity i n  t h e  magnetosphere and t h e  high tempera
t u r e  a t  t h e  boundary of t h e  magnetosphere and t h e  solar wind, a t  high 
l a t i t u d e s  i n  t h e  a l t i t u d e  region examined i n  t h i s  repor t  t h e  temperature 
may be considerably higher than t h a t  at equator ia l  l a t i t udes .  This may 
a l s o  cause t h e  d i f fe rence  i n  t h e  a l t i t u d i n a l  behavior of ni. The n i  
d i s t r i b u t i o n  published on t h e  b a s i s  of "Luna-2" da ta  (which i s  d i s t i n 
guished by s m a l l  ni va r i a t ions  a t  heights  of 2000-10,000 km) may be 
t y p i c a l  of  high l a t i t udes .  These considerations of CJbajashi's on t h e  
d i f fe rence  between t h e  Carpenter and " h n a - 3 "  data  may be zpplied i n  
t h e i r  e n t i r e t y  t o  t h e  d i f fe rence  between t h e  , "hna-2"  and Elektron-2" 
data,  since t h e  l a t t e r  - as already noted - a l s o  pe r t a in  t o  low l a t i t udes .  

An explanation of  t h e  discrepancy between t h e  ni(h) p r o f i l e s  obtained 
by "Iuna-2" and "Elektron-2" w i l l  f i n a l l y  ensue only a f t e r  s i m i l a r  new 
rocket measurements have been made i n  t h e  per iphera l  region of t h e  high-
l a t i t u d e  ionosphere. 

Regarding t h e  nature  of t h e  Ear th ' s  plasma envelope, which represents  
t h e  per iphera l  region of t h e  t e r r e s t r i a l  ionosphere, we may sa,y t h a t  t h e  
water molecules en ter ing  t h e  upper atmosphere due t o  evaporation from 
t h e  Pac i f ic  Ocean d i s soc ia t e  under t h e  u l t r a v i o l e t  rad ia t ion  of t h e  Sun. 
The hydrogen atoms thus  formed are  ionized by charge exchange with ions of 
atomic oxygen i n  t h e  reac t ion  H + O + S K f - -t- 0. This reac t ion  i s  intense i n  
t h e  region where c o l l i s i o n s  'between t h e  p a r t i c l e s  a r e  s t i l l  frequent 
enough, i.e., up t o  t h e  base of t h e  exosphere, which, depending on t h e  
phase of so l a r  a c t i v i t y ,  i s  located a,t a l t i t u d e s  from - 500 t o  - 1000 Inn. 



From the base of t h e  exosphere, ' the hydrogen ions - protons - are 
carr ied upward by d i f fus ion  along the f o r c e  tubes of t h e  geomagnetic 
f i e l d  ( R e f .  18). 

The question of t h e  degree of ion iza t ion  i n  t h e  ionospheric region 
which w e  are examining i s  of i n t e r e s t .  I n  1964 V. G. K u r t  estimated t h e  
concentrations of n e u t r a l  hydrogen at?(% i n  c i r cumte r re s t r i a l  space from 
data derived from measurements of 4.r ad ia t ion  (A = 1215 8) sca t te red  by  
n e u t r a l  hydrogen ( R e f .  19). These measurements were performed on "Zond-1". 
Some of h i s  figures are presented below. 

R e  H, lan no, 
1.25 I,600 7.0-io2 
1.5 3,200 3.60 io2 
2 .o 6,400 3.1010" 
3.0 13,ooo 8.5010~ 
4.0 20,000 5.1'10~ 

Here Re i s  t h e  geocentric d i s tance  i n  Earth r a d i i ,  no i s  t h e  con
cent ra t ion  of n e u t r a l  hydrogen atoms, and H i s  t h e  d is tance  from t h e  Earth 's  
surface.  

A comparison of t hese  data with t h e  graph i n  Figure 1m a k e s  it read i ly  
apparent t h a t  at t h e  a l t i t u d e s  considered i n  our  repor t  t h e  atmosphere of 
t h e  Earth i s  almost completely ionized, and t h e  concentration of neu t r a l  
p a r t i c l e s  comprises only a s m a l l  f r a c t i o n  of t h e  ion concentration. This 
f r a c t i o n  diminishes as height increases .  

I n  conclusion, we would l i k e  t o  draw a t t e n t i o n  to t h e  engineering 
i n t e r e s t  which a study of t h e  per iphera l  region of t h e  ionosphere holds 
f o r  cosmonautics, i n  addi t ion  to i t s  grea t  s c i e n t i f i c  i n t e r e s t .  When 
manned in te rp lane tary  c r a f t s  approach t h e  ear th ,  it i s  obviously des i rab le  
to or i en t  t h e  c r a f t  along t h e  ve loc i ty  vector .  Very promising sensors f o r  
a system having t h i s  o r i en ta t ion  are instruments recording t h e  ion current,  
whose s t rength  depends on t h e  o r i en ta t ion  of t h e  input aper ture  of t h e  
instrument r e l a t i v e  to t h e  ve loc i ty  vector  of t h e  space vehicle  ( s ince  
u t i l i z a t i o n  of o r i en ta t ion  sensors r eac t ing  t o  streams of neutra.1 p a r t i 
c l e s  i s  precluded, 'because - as already noted i n  t h e  repor t  - t h e  neu t r a l  
component of  t h e  atmosphere a t  d is tances  on t h e  order  of thousands of 
kilometers from t h e  Earth comprises only a s m a l l  f r a c t i o n  of t h e  ionized 
component ) . 

A study of t h e  pe r iphe ra l  region of t h e  ionosphere m a k e s  it poss ib le  
t o  determine t h e  s i z e  of t h e  zone surrounding t h e  Earth, i n  which a space
c r a f t  may 'be or ien ted  by  ion sensors. 
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ROCXEC DATA ON THE BEHAVIOR OF ELECTRON CONCENTFGLTION 
IN THE IONOSPHERT AT AI;TITUDES OF 100-300XM 

T. V. Kazachevskaya and G. S. Ivanov-Kholodnyy 

The d i s t r i b u t i o n  of e lec t ron  concentration i n  t h e  ionosphere has 
been studied s ince 1946 by means of v e r t i c a l  f i r i n g s  of geophysical rock
ets.  Up u n t i l  t h e  present,  t he re  have been about 90 successful experiments 
of t h i s  type both i n  t h e  USSR, and abroad. The present a r t i c l e  w i l l  
attempt t o  draw conclusions regarding t h e  l a w s  followed by e lec t ron  con
centrat ion changes ne a t  a l t i t u d e s  of loo-300 km, based only on t h e  
r e s u l t s  of d i r e c t  rocket probes of t h e  ionosphere. 

For t h i s  purpose, a l l  Ghe r e s u l t s  derived from rocket measurements 
of ne were compared a t  d i f fe ren t  moments f o r  d i f f e r e n t  seasons, a t  a l t i 
tildes 0.t’ 100-130km. The change i n  l g  ne as a funct ion of t h e  magnitude 
0.C l g  f ,  which ck t r ac t e r i zes  the  air  m a s s  of t h e  atmosphere (Ref. l), 
was obtained. The change i n  e lectron concentration throughout t he  day 
was d i f f e r e n t  f o r  d i f f e r e n t  a l t i t u d e s  and seasons. A t  a l l  a l t i t u d e s  11-85 

&om 100 t o  300 km, t he re  was a. s ign i f i can t  change i n  t h e  e lec t ron  con
centrat ion as a. function of  season (winter-summer). The change i n  
e lectron concentration depends on the  phase of t h e  so l a r  a c t i v i t y  
cycle: a t  a l t i t u d e s  of 110-100 km, during the  midday hours, t h e  values 
of ne fo r  minimum a c t i v i t y  a r e  on the  average 1.5-2 times lower, and a,t 
a l t i t u d e s  of 130-200k m  they a re  ~ O - ~ O $ Jlower on t h e  average, than 
during intense s o l a r  a c t i v i t y .  In  t h e  E regiorsof  t h e  ionosphere a t  a l t i 
tudes of 120-130 km, a var ia t ion  m i n i m u m  of the values obtained f o r  ne i s  
observed throughout t he  s o l a r  cycle. 

The l i nea r  dependence of lg ne on l g  f - i .e . ,  t h e  following type 
of pa t t e rn  

n, cc f - 1 .  

at  almost a l l  a l t i t u d e s  below 200 k m  i s  of grea tes t  i n t e r e s t .  The 
inc l ina t ion  of t h e  l i n e s  i n  t h e  graphs f o r  winter i s  a,pproximately 
two times l a rge r  than f o r  summer. 
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I : s  

Figure 1 

Change I n  t h e  Parameter 1With Alt i tude h 

1 - Experiment f o r  summer ( Ig f  > 0.5); 2 -
Experiment f o r  winter  ( l g  f 6 0.4) ;  3 - Theory 
according t o  ( R e f .  2) ,  f o r  l g  f > 0 . 5 ) ;  4 -
The s a m e  as f o r  l g  f < 0.5; 5 - theory, accord
ing  t o  ( R e f .  3) .  

It i s  a l s o  ' in te res t ing  t o  note  t h a t  at  a l t i t u d e s  o f  > Z O O  km t h e r e  i s  a 
decrease i n  l g  ne i n  t h e  midday hours (for s m a l l  values I g  ff 0.4-0.5). A t  al
most a l l  a l t i t u d e s  of < 200 km, a m a x i m u m  of lg ne can be observed f o r  
l g  f x 0.4. I n  t h e  region of l g  f = 0.1  - 0.2, t h e r e  i s  a minimum of l g  ne. 
Apparently a s i m i l a r  p i c t u r e  i s  obtained f o r  winter,  except f o r  t h e  f a c t  
t h a t  it is extended 2-3 t imes along t h e  absc issa  ax is .  I n  t h e  graphs f o r  
winter,  t h e r e  i s  a f a i r l y  sharply-expressed peak of ne f o r  s m a l l  values  
of l g  f , <  0.4, and a m a x i m u m  i s  observed f o r  l g  f NN 0.6. 

The magnitude of 1 [as follows from (l)] charac te r izes  t h e  r a t e  a t  
which t h e  e l ec t ron  concentration changes a t  a given a l t i t u d e  throughout 
t h e  day. The values  of 1, determined according t o  t h e  inc l ina t ion  of 
r e c t i l i n e a r  sec t ions  of the dependence of l g  ne on l g  f ,  are shown i n  
Figure 1 f o r  summer ( f o r  high s o l a r  a c t i v i t y  and f o r  1>, 0.5, as w e l l  as 
f o r  winter  ( f o r  1g f >, 0.4) . 

It i s  i n t e r e s t i n g  t o  note t h a t  1> 0.5 at almost a l l  l a t i t udes ,  and 
only i n  t h e  a l t i t u d i n a l  region of E O - l 3 O  km i s  it c lose  t o  0.5. A s  i s  
known, f o r  t h e  so-cal led simple Chapman l aye r  which i s  obtained on t h e  
assumption of monochromatic r ad ia t ion  which ionizes  t h e  ionosphere, t h e  
rate at which ne changes throughout t h e  day i s  com a r a t i v e l y  low. It i s  
character ized by t h e  value 1= 0.5, s ince  n = i&, and q f (here q 
i s  t h e  rate a t  which ions are formed, and a' i s  t h e  e f f ec t ive  recombina
t i o n  coe f f i c i en t  which i s  independent of f and q )  The l a rge  magnitude 
of 1 and t h e  dependence of 1on a l t i t u d e  can be explained, i f  it i s  
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Figure 2 


Mean Profiles ne(h) Based on Rocket Data 


For summer: a - for low solar activity; b - for high solar 
activity; c - for winter (above 200 km, a high level of 
solar activity). 1 - Profiles obtained; 2 - "Transitional 
Profiles"; 3 - Rising-descending profiles. Number of curves -
zenith angle of the sun zo. 

assumed that the solar radiation which ionizes the ionosphere is non

monochromatic. The values of 1, which'we obtained on the basis of the 

curves for ne as a function of' f, are compared in Figure 1 with the 

theoretical magnitude of ni, which characterizes the rate at which the 




Electron Concentration Change Throughout t h e  Night For 
Al t i tudes  of 110 km (l), I20 km ( 2 ) ,  and 130-160km (3 )  

Curves are ca lcu la ted  t h e o r e t i c a l l y  f o r  d i f f e r e n t  recom
b i m t i o n  coe f f i c i en t s  a' ( ind ica ted  i n  t h e  Figure) and 
d i f f e r e n t  i n i t i a l  values of ne f o r  sunset 1-104( s o l i d  
l i n e )  and 2.5'104 em -3 (dashed l i n e ) .  

ion formation changes a t  a given a l t i t u d e  throughout t h e  day: 

q oc p. 
The magnitude of m w a s  ca lcu la ted  i n  ( R e f .  2 ) ,  based on t h e  ra te  a t  

which ions are formed q and t h e  change i n  t h i s  ra.te as a funct ion of t h e  
zeni th  d is tance  of t h e  Sun. It w a s  assumed t h a t  t h e  ionosphere i s  ion i - /187
zed by a vide region of t h e  s o l a r  spectrum from 10 t o  1000 8. W e  a l s o  
determinedthe values  of m/2, based on d a t a  given i n  the  work by Hinteregger 
and Watanabe ( R e f .  3 ) ,  In  which t h e  i n t e n s i t y  and spectrum of t h e  Sun 
(which d i f f e red  from t h e  values assumed i n  [ R e f .  21) were used t o  ca lcu l 
a t e  g .  

The following conclusions can be drawn on t h e  b a s i s  of t he  d a t a  pre
sented i n  Figure 1: j u s t  as f o r  values  of 1, obtained from experimental 
data,  theory provides a m i n i m u m  value of m i n  t h e  a l t i t u d i n a l  region of 
120-130km. A t  a l t i t u d e s  below - 1-50km, l a rge r  values of  m a r e  obtained 
f o r  lg f < 0.5, which f u l l y  explains  t h e  d i f fe rcnce  i n  the values of 1 
obtained from da,ta f o r  win-Ler f o r  sma.11 values of lg f - and f o r  summer, 
f o r  la rge  values of 1c; f 0.5. Thus, t h c  theory which t akes  i n t o  account 
t h e  non-monochromatic nature  of ion iz lng  s o l a r  r ad ia t ion  imparts f a i r l y  
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Figure 4 

Change i n  F Iayer Alt i tude Over 24 Hours 
Similar seasons a re  connected by l i nes :  
Winter (middle of October-Fe'bmary), 
Spring (March-May), Summer (June-August) , 
and Autumn (September-middle of October). 

c lose ly  t h e  magnitude and nature of t h e  change with a , l t i tude,  and the  r a t e  
at  which t h e  quan t i t i e s  q and ne increase throughout t h e  day. 

Figure 2 presents  models of a quiet  ionosphere f o r  winter and summer 
during high so la r  a c t i v i t y ;  these  models were constructed on t h e  3asis of 
t h e  average values of l g  ne obtained f o r  rocket measurements. Each curve 
i n  t h e  f igure  represents  t h e  mean p r o f i l e  of ne(h) a t  a l t i t u d e s  of 100
300 km f o r  d i rgerent  zeni th  angles of t h e  Sun zoo The p r o f i l e s  f o r  midday 
hours ( zo  < 50 ) d i f f e r  from the  p ro f i l e s  f o r  morning and evening hours: 
t h e  gradient of ne decreases with a l t i t ude ;  t h e  values of ne 'below 200 lon 
a re  grea te r  - and above 200 km they a r e  smaller - than f o r  z = 60 - 80". 
A s  a r e su l t ,  a "node" i s  formed at an a l t i t u d e  of - 200 km, where t h e  
morning-evening curves and t h e  midday curves in t e r sec t .  Thus, a t  an a l t i 
tude of 200 km the re  i s  a minimum change i n  ne throughout t h e  day. For 
zo > 70 - 80°, t h e r e  i s  a monotonic decrease i n  ne with an increase i n  
zo at a l l  a l t i t u d e s ,  while t h e  form of the  p r o f i l e  f o r  ne(h) remains /188 
unchanged. The e lec t ron  concentration gradient  increases  with a l t i t u d e ,  
not only when t h e  Sun approaches t h e  horizon, but a l s o  during winter it 
i s  higher than during summer and increases  during t h e  period of intense 
solar ac t iv i ty .  

A maximum of ne i s  formed on t h e  curves f o r  zo > 60" i n  the  100-120km 
region, and a l s o  t h e r e  i s  a "gap" i n  the  p r o f i l e  of' ne(h) above t h e  E region. 
Thus, as t h e  Sun approaches t h e  horizon the re  i s  a bu i ld  up of t h e  maximum 
and t h e  gap above it. 

Several important conclusions can be derived from an examination of 
rocket measurements of t h e  p ro f i l e s fo r  ne(h) during the  night  tLme. One 
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c h a r a c t e r i s t i c  of t h e  nocturnal p r o f i l e s  of ne(h) i s  t h e  existence of a 
f a i r l y  well-expressed maximum at a l t i t u d e s  of 100-EO km ("of t h e  noc
t u r n a l  l aye r  E l f ) .  Above t h i s  m a x i m u m  t h e r e  i s  a s ign i f i can t  decrease i n  
ne a t  a l t i t u d e s  of 125-150 Ism and sometimes higher, a f t e r  which ne again 
begins t o  increase.  The reason f o r  t h e  formation of t h e  "nocturnal l aye r  
E" and "the gap" above it has not been c l a r i f i e d  as ye t .  Holmes and o the r s  
( R e f .  4), a.fter analyzing t h e  mass-spectrometer measurements of t h e  ion 
composition, concluded t h a t  t h i s  behavior of t h e  noc turna l  layer  i s  r e 
l a t e d  t o  an increase  i n  t h e  d i s s o c i a t i v e  recombination coef f ic ien t  with 
a l t i t u d e  - i.e., with temperature. However, t h i s  explanation contra
d i c t s  e x i s t i n g  da ta .  The existence of an ion iza t ion  suurce during t h e  
night time at a l t i t u d e s  of 100-120km represents  an a l t e r n a t i v e  so lu t ion .  
I n  t h e  desc r ip t ion  of t h e  mean ionosphere model presented above, it w a s  
shown t h a t  a m a x i m u m  i s  formed at  a l t i t u d e s  of U O - l 3 O  km, as w e l l  as a 
gap i n  t h e  p r o f i l e  of ne(h) above it, i n  t h e  ionosphere, due t o  t h e  
c h a r a c t e r i s t i c s  of t h e  spectrum f o r  s o l a r  ion iz ing  r ad ia t ion  toward 
evening. 

Figure 3 d e p i c t s  t h e  change i n  l g  ne as a func t ion  of time 7 which 
t r a n s p i r e s  a f t e r  t h e  Sun has s e t  - more prec ise ly ,  a f t e r  t o t a l  attenua.
t i o n  of so1a.r u l t r a v i o l e t  r a d i a t i o n  has s e t  i n  a t  a l t i t u d e s  of 110-120 
and 125-150 km. Lines a r e  used i n  Figure 3 t o  denote t h e  decrease i n  
ne f o r  a constant recombination coe f f i c i en t  a' equal l ing
1010-~,
3 . 5 0 1 0 - ~and lD10-7cm3 *see-1 f o r  two poss ib le  values of t h e  
zeni th  angle during sunset, 92 a,nd 95O. It can be seen t h a t  t h e  values 
of ne i n  t h e  E l aye r  a r e  g r e a t l y  sca t te red ,  and i f  they  decrease during 
t h e  night time, then a' E 6 cm3*sec-' (under t h e  condition t h a t  
t h e r e  i s  no nocturnal ion iza t ion  source). ne decreases during t h e  n ight

3time considerably more r ap id ly  with a' = (3.5 - 10)*10-' cm *see-' i n  t h e  
l f  I fregion of t he  gap a t  a l t i t u d e s  of 125-150 km. Since t h e  magnitude of 

a' must decrease wi th  a l t i t u d e  due t o  temperature increase,  and s ince  a' 
corresponds t o  t h e  diurna.1 value at l25-150 km, then t h e  ex is tence  of a 
nocturnal ioniza.tion source, which i s  va r i ab le  i n  terms of i n t ens i ty ,  
i s  confirmed. The a t tenuat ion  of  t h i s  noc turna l  i on iza t ion  source i s  /189
characterized by a constant t i m e  7 NN (Ctfne)-' 2 3*104 see during t h e  
night time. It can be estimated t h a t  t h e  s t r eng th  of t h e  nocturnal 
ionizakion source increases  by a f a c t o r  of t e n  and even 100 i n  t h e  E 
region, during a period of in tense  s o l a r  a c t i v i t y .  

When t h e  a l t i t u d e  variakion of t h e  E and F regions of t h e  ionosphere 
i s  investigated,  it i s  found t h a t  t h e  a l t i t u d e  of t h e  base of t h e  E re-
region depends on t h e  season, and decreases with a n  increase i n  geomagnetic 
a c t i v i t y .  The a l t i t u d e  of t h e  base of t h e  E region i s  lower during win ter  
and summer than  it i s  during autumn and spring. There may be a connection 
between t h e  v a r i a t i o n  of hE and t h e  dens i ty  va r i a t ions  i n  t h i s  region of 
t h e  upper atmosphere. 

Figure 4 presen t s  t h e  a l t i t u d i n a l  va r i a t ions  of t h e  F l aye r  through
out 24 hours. During t h e  n ight  t i m e ,  t h e  a l t i t u d e  of hF depends on s o l a r  
a c t i v i t y ,  decreasing from t h e  350-370 k m  l e v e l  during t h e  m a x i m u m  per iod  
down t o  300-320 km during t h e  m i n i m u m  period. A t  midday, t h e  altitude of 
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t h e  F layer  i s  grea te r  during summer and f a l l  than it i s  during winter, 
a t  40-50km during low so la r  a c t i v i t y  and a t  - 20 km d w i n g  high solar 

l t
ac t iv i ty .  An unusual "sunrise-sunset e f f e c t  has been discovered: sharp 
va r i a t ions  i n  t h e  a l t i t u d e  of hF over a comparatively short  time i n t e r v a l  
of 2-3 hours. Similar va.riations i n  hF were estj-mated qua l i t a t ive ly  
based on e a r l i e r  r e s u l t s  of rad io  probe ionosphere s t a t ions .  If consid
era t ion  i s  given t o  t h e  f a c t  t h a t  t h e  a l t i t u d e  of t h e  F layer  maximum i s  
approximately determined by t h e  equal i ty  between t h e  recombination and 
d i f fus ion  of charged p a r t i c l e s ,  it can 'be assumed t h a t  t h e  complex 
d iu rna l  va r i a t ions  i n  hF a r e  not only caused by temperature var ia t ions,  
bu t  a l s o  by ion iza t ion  r a t e  var ia t ions ,  as wel l  as by vaxiat ions i n  t h e  
atmospheric composition. 
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EIXCTRON AND I O N  TEMPERATURES I N  THE IONOSPHERE1 
(S m a r y  ) 

T. K. Breus and G. L. Gaalevich 

Temperature i s  one of t h e  main parameters character iz ing t h e  iono
sphere. It makes it possible  t o  obtain a great  d e a l  of da ta  on t h e  nature 
and magnitude of thermal sources heating t h e  atmosphere of t h e  Earth. 

Temperature i s  studied by th ree  bas i c  methods - d i r e c t  measurement on 
rockets  and s a t e l l i t e s ,  i nd i r ec t  determinations ( f o r  example, based on t h e  
a l t i t u d e  p r o f i l e  of ion and e lec t ron  concentrations),  as wel l  as t h e  method 
of inverse,  non-coherent sca t te r ing .  

The lack of d i r e c t  measurements up u n t i l  recently,  as wel l  as t h e  
ambiguity of i nd i r ec t  temperature determina,tions, has made it impossible t o  
e s t ab l i sh  experimentaUy t h e  r e l a t i o n  between e lec t ron  and ion temperatures 
i n  t h e  ionosphere. 

Ea r l i e r  t h e o r e t i c a l  calculat ions (Ref. 1) indicated t h a t  t he  e lec t ron  
. .  -

This summary w i l l  be published i n  i t s  e n t i r e t y  i n  t h e  Journal  "Kosmiches
kiye Issledovaniya", 3 ,  No. 6, 1965. 
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Figure 1 

temperature i n  t h e  F l aye r  can d i f fe r  s ign i f i can t ly  from t h e  ion tempera
t u r e .  However, due t o  t h e  grea t  indeterminacy of t h e  parameters necessary 
f o r  computa.tion ( the  use of understaked va.lues of these parameters) t h e  
conclusion was subsequently reached t h a t  temperature equilibrium e x i s t s  
(Ref. 2 ) .  /190 

Experiments on rockets  and s a t e l l i t e s  have made it possible  t o  obtain 
valuable inforrnat ion regarding t h e  ionosphere cha rac t e r i s t i c s  necessary 
f o r  computation, and have d i r e c t l y  es tab l i shed  a r e l a t ionsh ip  'between 
Te and Ti. 

On t h e  basis of experimental data,  t h e  models of e lec t ron  temperature 
d i s t r i b u t i o n  with a l t i t u d e  have 'been reca lcu la ted  ( R e f .  8-10). Basical ly  
they  agree with t h e  resul ts  of d i r e c t  measurements of Te and Ti during t h e  
daytime . 

The present r epor t  d i scusses  -the r e s u l t s  of d i r e c t  measurements o r  
T and T - on t h e  s a t e l l i t e s  r'E.xplorer-8", "Explorer-17", "Alouette-l","Liel-1?I, 11Kosmos-2" as w e l l  as on American a,nd Ja.panese rockets  (Ref. 11
17). Results obtained by t h e  method of inverse non-coherent s ca t t e r ing  
are a l s o  discussed ( R e f .  18, 19). 

An ana lys i s  of t hese  r e s u l t s  has provided a, c e r t a i n  c l a r i f i c a t i o n  of 
t h e  diurnal ,  l a t i t u d i n a l ,  and a . l t i tud ina1  dependences of e lec t ron  tempera
ture  up t o  - 1200 km, s ince  ion temperature wa,s measured i n  th ree  experi
ments i n  a.11 and not even t h e  r e s u l t s  of one of them have been published 
( R e f .  15, 17). 

Figure 1presents  t h e  d iu rna l  varia. t ion i n  Te i n  t h e  a l t i t u d i n a l  
region of 250-500 km, based on d a t a  from "~xp lo re r -8"(curve l), r1Explorer-17" 
(2), "Ariel-1" ( 3 ) ,  and "Alouette-1" (4 and 5) .  There i s  a c lear ly-
expressed maximum during the  morning hours inmediately a f t e r  sunrise  i n  t h e  
major i ty  of t h e  curves. 
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Figure 2 

Figure 2 presents  t h e  da i ly  measurements of Te and T i  during 
d i f f e ren t  years  i n  d i f f e r e n t  experiments Cin t h e  Figure: 1 - based on 
da ta  from 1 ' ~ l o r e r - 8 1 1(November, 1960); 2 - "Ariel-1" (April, 1962); 3 -
rocket (March 1961, Japan); 4 - "Kosmos-2" (April,  1962); 5 - U.S.A. 
(August, 1962j; 6 - lorer-17" (April,  1963); 7 - rocket (March, 1963, 
Michigan, United ; 8 - United S ta t e s  (August, 1962); 9 - rocket 
(August, 1960, Wallops Island, U.S.A.); 10 - rrK~smos-2"(April,  1962) 1. 
Electron temperatures measured on rocke ts  a r e  designated by t h e  so l id  
l ines ;  measurement r e s u l t s  f o r  Ti a r e  designated by t h e  dashed l i n e  (4, 5 ) .  
It can be seen from Figure 2 t h a t  t h e  TJTi  r a t i o  i s  s ign i f i can t  i n  t h e  
region of t h e  F l aye r  maximum, while a t  t h e  mean l a t i t u d e s  (where t h e  
experiments were conducted primarily) it can be grea te r  than two. 

Data from non-coherent s ca t t e r ing  have confirmed these  r e su l t s ,  and 
indicate  t h a t  Te/Ti FS 1.1 - 1.3 a t  low l a t i t u d e s  above t h e  F l ayer  m a x i 
mum, while a t  high l a t i t u d e s  it i s  - 1.6. 

Up t o  400 km the re  i s  a s igni f icant  a l t i t u d i n a l  temperature gradient 
(see Figure 2 ) .  Above 400 km t h e  measurements performed on satell i tes /l9l. 
are complicated by l a t i t u d i n a l  and d iu rna l  e f f e c t s  and a r e  contradictory.  
Data from non-coherent s ca t t e r ing  a r e  anibiguous, and make it impossible t o  
draw a d e f i n i t e  conclusion regarding tk a l t i t u d i n a l  behavim of tempera
ture .  

Based on da ta  from non-coherent s ca t t e r ing  and from r e s u l t s  obtained 
on "Ariel-1" and r'Explorer-171', one f inds  t h a t  t he  electron temperature 
increases  with an increase i n  l a t i t ude .  

Future experimental s tud ies  of temperature a r e  necessary both f o r  



understanding the physics of the ionosphere, and for clarifying and 

developing theoreticalmodels. It would be desirable to perform probe 

measurements, which are the most reliable, on rockets (clarification 
of the altitudinal behavior) and on satellites with a circular orbit 
(latitudinal dependence). Experiments measuring Tneutral should be 
carried out simultaneously with measurements of Te and Ti, since -
for altitudes of > 750 km - the ion temperature can differ significantly 
from the neutral gas temperature and equal the electron temperature 
at altitudes of > 1000 km - according to theoretical calculations. 
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COMPOSITION OF THE OUTER IONOSPHERF: OF THE EAHCR BASED ON 
MEASUREMENT DATA FROM THE "ELEI(ICRON" SATEIJXTES 

V. G. Istomin 

The s a t z l l i t e s  "Elektron-lf '  and "Elektron-2" ca r r i ed  radio-frequency 
mass spectrometers (�@E)of t h e  Bennett type ( R e f .  1). The m a s s  spectro
meters operated i n  a regime f o r  measuring t h e  ion composition and were 
designed t o  study t h e  pos i t i ve  ions of t h e  outer  ionosphere. Memory 
devices were not employed on t h e  satel l i tes  f o r  information obtained from 
t h e  m a s s  spectrometers, and che measurements of ion composition were only 
performed using "d i rec t  t ransmi t ta l" .  

The minimum a l t i t u d e  a t  which data. were obtained on t h e  ion composi
t i o n  was determined 'by the  a l t i t u d e  of t he  satel l i te  per igee and w a s  
about 400 km.  The a l t i tude  of "Elektron-1" perigee w a s  407 km. The 
i n i t i a l  a . l t i tude of  t h e  "Elektron-2" perigee w a s  460 km, bu t  - due t o  
regression of t he  o r b i t  - it decreased approxima,tely t o  410 lan. 

The m a x i m u m  a l t i t u d e  f o r  t h e  mass spectrometer operation w a s  deter- /193
mined by t h e  s a t e l l i t e  coordinaLes when the  period of communication w a s  
terminated. The m a x i m u m  a l t i t u d e  a,t which measurements were made of t h e  
ion composition on "Elektron-2" was 2750 km ( revolut ion number 2, Janua.ry 
31-9 1964)-

Ion composition w a s  measured i n  t h e  northern hemisphere pr imar i ly  i n  
the  region from 10 t o  6 l 0 N .  Due t o  t h e  f a c t  t h a t  t h e  s a t e l l i t e  a l t i t u d e  
above t h e  surface of t h e  E a r t h  and t h e  geographical la t i tude of a point ,  
above which it w a s  located a t  a. given moment,were c l e a r l y  r e l a t e d  t o  each 
other,  measurements on a l l  t h e  revolut ions represent  a l t i t ud ina l - l a , t i t ud i 
n a l  cross  sect ions of t h e  atmosphere. Figure 1presents  t h e  o r b i t s  of 
t h e  "Elektron" s a t e l l i t e s  at t h e  "a,ltitude-geoera,phica,l l a t i t u d e "  coordi
na,tes. Measurements were performed during t h e  daytime. In  t h e  region 
of  t h e  perigee,  t he  composition was studied between 9-16 hours l o c a l  so l a r  
time. Measurements a t  a l t i t u d e s  of l O O O - l 5 O O  km were performed between 
7-20 hours l o c a l  t i m e .  T h i s  i s  i l l u s t r a t e d l l i n  Figure 2 ,  which presenlFs the  
sect ions of the "Elektron-2" o rb i t ,  a,t t he  a l t i t u d e - l o c a l  s o l a r  t i m e  
coordinates, a t  which t h e  ion composition was measured. It can be  seen 
from t h i s  f i gu re  t h a t  t h e  a . l t i tude of t h e  "Elektron-2" per igee w a s  not 
constant, but regressed from approximately 460 t o  410 km ( revolut ions
49-60), and then it again began t o  r ise.  

The spec t ra  obtained during optimum or i en ta t ion  of t h e  mass spectro
meter, with respect  t o  t h e  s a t e l l i t e  ve loc i ty  vector,  were se lec ted  i n  t h e  
recordings. A minimum amgle 'between t h e  a,na.lyzer axis and t h e  ve loc i ty  
vector,  as w e l l  as t h e  absence of "sha.d.ing" from t h e  incoming stream i n  
t h e  region of t h e  amalyzer input,  correspond t o  optimum or ien ta t ion .  These 
optimum spectra ,  f o r  which t h e  ion strea,ms of a l l  t h e  components were m a x i 
mum, were u t i l i z e d  t o  determine t h e  ion composition of t h e  atmosphere. It 
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Figure 1 

Orbi ts  of t h e  S a t e l l i t e s  "Elektron-1" and "Elektron-2" a t  t h e  
"Altitude-Geographical Lati tude" Coordinates (For t h e  Northern Hemisphere) 

i s  c l e a r  from general  considerat ions t h a t  t h e  least d i s t o r t i o n  i n  t h e  compo
s i t i o n  of ions en ter ing  t h e  region of t h e  mass spectrometer input can be 
expected during t h e  moment of 'bptbum or ien ta t ion"-

A s  i s  ind ica ted  by an examination of t h e  ion  t r a j e c t o r i e s  i n  t h e  
instrument analyzer, i n  t h i s  case t h e  discr iminat ion of ions having d i f 
f e ren t  masses w i l l  a l s o  be minimum i n  t h i s  instrument. 

For many reasons, it i s  d i f f i c u l t  t o  perform a t h e o r e t i c a l  calcula
t i o n  of t h e  change i n  a, stream of ions having d i f f e r e n t  masses at t h e  
co l l ec to r  of t h e  r ad io  frequency mass spectrometer as a funct ion of t h e  
analyzer angle of a t tack .  I n  t h e  f i rs t  place,  d i f f i c u l t y  i s  encountered 
i n  determining t h e  thermal ion v e l o c i t i e s  and i n  making a d e f i n i t e  de te r 
mination of ion component temperatures. The f i e l d s  outs ide of t h e  
analyzer,  t h e  configurat ion of t h e  pu l l ing  g r id  f i e l d  i n  t h e  Debye region 
of t h e  space charge, as we l l  as t h e  configuration and dimensions of t h i s  
region, are only known i n  an approxima,te manner. Fina.lly, t h e  complex 
configuration of t h e  s a t e l l i t e  i t se l f  occasional ly  complicates t h e  p ic 
ture.  If t h e r e  i s  an adequate amount of observat ional  mater ia l ,  it i s  
poss ib le  t o  obta in  t h e  dependences of ion streams having d i f f e r e n t  masses 
on t h e  angle of a t t a c k  i n  t h e  experiment i t s e l f ,  and then t o  reduce a l l  
t h e  measurements t o  a zero angle  of a t t ack  - t ak ing  i n t o  account, when 
necessary, discr iminat ion with respect  t o  mass f o r  t h i s  simple case. 

For purposes of i l l u s t r a t i o n ,  Figure 3 presents  t h e  dependence of 
ion streams having a mass  number of 16, obtained on t h e  t h i r d  a r t i f i c i a l  
Earth s a t e l l i t e ,  as w e l l  as a very approximahe dependence which would be 
expected f o r  ions having a mass number of 1. Thus, it can be seen i n  /194
qua l i t a t ive  terms t h a t ,  i n  t h e  case of an angle of aktack which i s  d i f f e r 
en t  from zero, t h e  measurements must y i e l d  exaggerated va,lues f o r  t h e  
concentrations of l i g h t e r  ions. This f a c t  should be kept i n  mind when 
studying t h e  r e s u l t s  presented below f o r  ion composition measurements. 
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Figure 2 

Sections of t h e  "Elektron-2" O r b i t  at t h e  "Altitude-Mean Solar  
Time" Coordinates, at  Which t h e  Ion Composition Was Measured 

Description of t h e  Experiment and Operational Regime 
of t h e  Instruments 

Radio frequency m a s s  spectrometers w e r e  used on t h e  "Elektron" 
s a t e l l i t e s  wi th  a var iab le  counter po ten t ia l .  W e  should r e c a l l  
t h a t  t h e  magnitude of t h e  counter po ten t ia l ,  es tab l i shed  i n  t h e  RMS* 
a,nalyzer, i s  determined by  t h e  choice of t h e  analyzer operat ional  
regime ( f o r  example, by t h e  des i red  m a  ni tude of t h e  resolving power), 
and depends on t h e  nwdber of cascades ?s teps)  of t h e  RMS analyzer and 
on t h e  e f fec t ive  value of t h e  high-frequency po ten t i a l .  The r e l a t i v e  
magnitude of t h e  counter potentialUC.,,1 i s  determined as t h e  propor
t i o n  of t h e  t o t a l  energy increase obtained by ions i n  t h e  high-frequency 
analyzer cascades: 

Liuel= UClALV = l&/3.2,05.Uhf.eff (1-1 

H e r e  U h f e e f f  i s  t h e  e f f e c t i v e  high-frequency voltage on t h e  analyzer 
g r ids .  For a three-cascade RMS, t h ?  regimes usua l ly  employed with 
respect  t o  t h e  r e l a t i v e  l e v e l  of t h e  counter p o t e n t i a l  range between 
0.8 and 0.95. Figure 4 presents  a t y p i c a l  graph showing t h e  dependence 
of t h e  resolving power and t h e  ion stream of a three-cascade analyzer 
on the  counter po ten t i a l .  It can be seen t h a t  t h e  reso lu t ion  R=M/dM=20 
i s  achieved f o r  a value of U c . r e l  which equals 0.95. A decrease i n  the  
counter p o t e n t i a l  t o  a v.2lue of 0.8 causes spurious peaks t o  appear i n  
t h e  spectrum (so-cal led "harmonic" peaks) f o r  a reso lu t ion  of t h e  main 
peak which i s  less than 10. A decrease i n  t h e  resolving power i s  natur
a l l y  accompanied by an increase i n  t h e  ion stream, and consequently 
i n  s e n s i t i v i t y .
* Note: RMS designates  Radio Frequency Mass Spectrometer. 
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Figure 3 

Relative Dependence of t h 2  Ion Current i8/ie=eon t h e  

Angle of Attack 8 f o r  t he  Analyzcr of t h e  Radio-Frequency 
Mass Spectrometer 

1 - f o r  O+ jons (ba;;c>lon d a t a  from t h e  t h i r d  AES); 2 -
f o r  H+ ions (approximately). 

The opera t iona l  regime of t he  ana,lyzer i s  determined i n  t h e  s a t e l l i t e  
not only by t h e  p o t e n t i a l s  es tab l i shed  i n  t h e  laborakory, but a l s o  depends 
on t h e  re la t ive.  ion energies  - i.e., on t h e  s a t e l l i t e  ve loc i ty  and on t h e  
p o t e n t i a l  cp with respec t  t o  t h e  plasma.. The e f f e c t i v e  counter p o t e n t i a l  
i s  determined as 

'c . e f f  lfc + CP- A u v ,  ( 2 )  

The instrument regime w i l l  be es tabl ished by t h e  r e l a t ionsh ip  /195 
Uc.efi/AlI' = &.efl/3.2,0*3 bhf . e f f  ( 3 )  

Even if t h e  influence of t h e  s a t e l l i t e  p o t e n t i a l  cp i s  not taken i n t o  account, 
t he  la rge  re la t ive ve loc i ty  of t he  ions decreases U,by anappreciable amount 

Aut,== S , ~ . I ~ I . P ~s [ V I ,  
where M i s  the  ion mass i n  atomic m a s s  un i t s ;  vs i s  t h e  s a t e l l i t e  velo
c i t y  i n  kmssec-'. 

For a s a t e l l i t e  ve loc i ty  of 10 km-sec-l, t h e  e f f e c t i v e  counter 
p o t e n t i a l  f o r  He+ and 0'' ions i s  lowered by 2.08 and 8.3 v, respect ively.  
A s  can be seen from Figure 4, such a change i n  t h e  l e v e l  of Uc:eff f o r  
t h e  analyzer regimes employed can make t h e  reso lu t ion  substa,ntla,lly 
worse, and can a l s o  lead  t o  t h e  appearance of harmonics, thus  making an 
in t e rp re t a t ion  of t h e  r e s u l t s  more d i f f i c u l t .  

However, t h e  appearance of harmonics i n  t h e  spectra. i s  riot t h e  only 
troublesome phenomenon. Due t o  t h e  f a c t  thak t h e  r e l a t i v e  a,mplitude of 
t he  peak harmonics i s  a funct ion of t h e  counter po ten t i a l ,  t he  p o s s i b i l i 
t y  a r i s e s  - according t o  equation (2)  - of determining the  magnitude of 
t h e  s a t e l l i t e  p o t e n t i a l  and i t s  va r i a t ion  during t h e  measurements. The 
dependence of  t h e  re la t ive amplitude of t h e  harmonic peak on t h e  values 
of t h e  absolute and r e l a t i v e  counter p o t e n t i a l s  i s  a l s o  shown in  Figure
4. It can be seen from t h i s  f i gu re  'chat a change (decrease) i n  Uc by 1 v 
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F i w r e  4 

Dcpendcnce of MX-61~05Mass Spectrometer Parameters on t h e  
Coilntcr- Pot,ential (According t o  t h e  Neon-20 Peak, 

Laboratory Measurcment s) 
1 - ion current  ( a r b i t r a r y  u n i t s ) ;  2 - r e l a t i v e  ma.g
ni tude of t h e  harmonics; 3 - reso lu t ion  (5% of t h e  
peak height ) 

(a t  t h e  point  Uc.rel = 0.8, which corresponds t o  U, = 33.5 v) increases  
the  r e l a t i v e  magnitude of  t he  neon harmonic peak i n  the  occupied. spectrum 
of  t h e  RMS analyzer  from 0.017 t o  0.095. It i s  possible  t o  exclude t h e  
harmonics �rom the m a s s  RMS spectra  obtained on t h e  s a t e l l i t e  by iritro
ducing an adtlitiona.l counter p o t e n t i a l  which cho.n,:cs synchronously with 
the  scmning  vol tage (according t o  a saw-tooth L a w ) .  The almost analogous 
e f f e c t  of a synclironous c1ianZ.e i i i  t he  U C e r e l  l e v e i  can be obtuli.ned as 
foLlows rnmi equation ( 3 ) ,  wlien tliei-e i s  a corresponding cliange i n  tlie 
aiiiplitude of t he  high-frequency vol tage supplyin:: t h e  FUVIS analyzer  
(Ref. 1). /196 

The MX-6405 instruments located on the  "Elektron" s a t e l l i t e s  have 
a. 	system f o r  supplying add i t iona l  counter po ten t i a l ,  which compensates 
for t h e  inf luence of t h e  s a . t e l l i t e  veI.ocity. In addi t ion,  t h e  s a t e l l i t e  
"Elcktron-1" ( "lowert') contains  a device which pe r iod ica l ly  switches on 
t h i s  system, thus  making it poss ib le  t o  increasc the mass spectromcter 
s e n s i t i v i t y .  It a l s o  ma,kes it possible  t o  c l e a r l y  determine t h e  e f f e c t  
produced by using a va r i ab le  counter p o t e n t i a l  system. The device f o r  
changing t h e  regimc ( the  regime switching block-RSB) can be c l e a r l y  seen 
i n  t h e  photograph of t h e  MX-6405 instrument ( F i p r e  5 ) .  
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MX-6405Mass Spectrometer Carried by t h e  Sake l l i t e  
"Elektron-1". The Switching Regime Block RSB i s  

Clearly Visible  

I n  order t o  increase the  e f f ec t ive  input of t h e  device, and conse
quently i t s  s e n s i t i v i t y ,  a pul l ing  p o t e n t i a l  of 60 v w a s  supplied t o  
the  f i rs t  analyzer gr id .  Due t o  t h e  f a c t  t h a t  discr iminat ion of ions 
having d i f fe ren t  mass numbers can occur i n  t h e  f i e l d  of t h e  first gr id  
(which must be given p a r t i c u l a r  consideration when t h e  ions having 
essent ia l ly lc l i f fe ren t  mass numbers a re  analyzed), t h e  RSB device on t h e  
11Elektron-1 s a t e l l i t e  per iodica l ly  switched on t h e  pul l ing  poten t ia l .  
A comparison of t h e  da t a  obtained i n  these two regimes makes it possible  
t o  determine t h e  e f f e c t  produced by discr iminat ion i n  the  f i e l d  of t he  
pul l ing  g r id  of t h e  RMS. The Table below presents  t h e  bas i c  charac te r i s  
t i c s  of t h e  MX-6405m a s s  spectrometers located on t h e  s a t e l l i t e s  
"Elektron-1" and 1tElektr~n-2r1,and a l so  presents  t he  operat ional  regimes 
of t h e  instruments. 

Result s 

The mass spectrometers functioned i n  good working order throughout 
t h e i r  e n t i r e  period of operation (data on t h e  ion  composition e x i s t  f o r  
t h e  period from January 30 t o  March 12 f o r  t h e  "Elektron-1" s a t e l l i t e  
and f o r  Apri l  1, 1964 f o r  t he  "Elektron-2" s a t e l l i t e ) .  In  s p i t e  of t h e  
f a c t  a great  number of spectra  which were f 'u l ly  su i t ab le  f o r  ana lys i s  
were obtained from both s a t e l l i t e s ,  we s h a l l  only present here t h e  r e s u l t s  
derived from measuring t h e  ion composition based on da ta  from t h e  
"Elektron-2" s a t e l l i t e  (upper). 

Figure 6 presents  t y p i c a l  spectra  of ion masses obtained on t h e  
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Figure 6 

Mas Spectra of Ions Obtained on the  Sakel l i t e  "Elektron-2", Revolutions 22 and 24 
(February 19 and 21, 1964) 

The ma,ss peaks of a,tmospheric ions a re  designated by the  appropriate symbols; 
t he  harmonic peak of the  O+ ions, the  second l igh t  harmonics, i s  designated by the  l e t t e r  r. 
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Figure 7 
Ion Streams of Ionosphere Components - Hydrogen, Helium, Nitrogen 

and Oxygen, Recorded on t h e  S a t e l l i t e  "Elektron-2", February 21  
(Revolution 24) 

s a t e l l i t e  "Elektron-2" a t  a l t i t u d e s  of 1300, 725, 615, and 425 h. The 
spectra  were obtained i n  the  dayl ight  hours (11, l2, 16 and 14 hours l o c a l  
time a t  l a t i t u d e s  of 25, 38, 60 and 56', respec t ive ly) .  The f i rs t  two 
spectra  were obtained on February 21, (revolution 24), while t h e  t h i r d  and 
fourth spec t ra  were obtained on Fe'bruary 19 ( revolut ion 22). A s  can .be 
seen from Figure 6, t h e  subranges of l i g h t  (1-2 amu) and of mean (4-34 amu) 
mass numbers were analyzed successively i n  terms of y i e lds  of low, mean, 
and high s e n s i t i v i t y  on the  s a t e l l i t e  "Elektron-2". The p o l a r i t y  of t h e  
s igna l  a t  t h e  h igh-sens i t iv i ty  y i e ld  i s  opposite thFt  of t he  f i rs t  two. 
It can 'be seen t h a t  mass peaks of atomic hydrogen H (M = 1) and atomic /198 
oxygen 0" (M = 16) ions a r e  predominant i n  t h e  spectra .  Less intense 
peaks with M = 14 (atomic nitrogen N+) and M = 4 (helium ions He+) can 
a l s o  be seen i n  the  spectra.  The pzak having t h e  mass number M = 8 i s  t h e  
so-called second l i g h t  harmonics of  t h e  peak with M = 16 (exact value of 
i t s  mass number i s  0.485 M = 7.8 mu) .  Due t o  t h e  use of an a l te rna t ing ,  
counter p o t e n t i a l  regime, t he  second harmonics i s  suppressed s igni f icant ly ,  
while t h e  f i rs t  harmonics i s  completely absent i n  t h e  spectra  under 
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Figure 8 

Discrimination Curve According t o  Accelerating Voltage 
f o r  thas MX-6405 Mass Spectrometer, 

Parameter 

Mass Ranee. . . . . . . . . .  
Resolving power (according t o  

c r i t e r i o n  of 5% peak amplitude, 
laboratory regime) . . . . . . .  

Duration of Scanning. . . . .  
Frequency of high-frequency 

Recorded According t o  t h e  Neon-20 Peak 

~

"Elektron-2" limensions
(UPPe r1 

~.. 

1-2; 4-34 amu 

20 20 
3.5 3-3 see 

vol tage supplied . . . . . . . .  u . 2  4.08 16.4 4.08 Me 
Amplitude of high-frequency 

voItage . . . . . . . . . . . .  8.4 8-9 v 
Po ten t i a l  of f i r s t  g r id  

(pu l l ing  po ten t i a l )  . . . . . .  -60 o r  0 -60 v 
Instrument constant . . . . .  90 10-05 162 10.05 v/mU

1.153 0.067 0.23 0.07 sec/amu 

consideration. This f a c t  ma,kes an in t e rp re t a t ion  of t h e  peaks simple and 
unambiguous. It can a l s o  be seen i n  t h e  spec t ra  i n  question t h a t  even 
a t  a. minimum a l t i t u d e  of 425 km no peaks are observed with mass numbers 
of M = 28, 30, and 32. 

Figure 7 presents  an example of d a t a  obtained during one passage of 
the sa te l l i t e  "Elektron-2" above t h e  USSR. The magnitudes of streams of 
recorded ionosphere components (amplitudes of ion peaks) are given as a 
function of time. The a l t i t u d e s  of the  satel l i te  above t h e  E a r t h f s  /I99
surface are a l s o  given. Periodic fluctua,t ions i n  t h e  peak amplitudes i n  



it
t h e  spec t ra  asre caused by  a change i n  t h e  angle  of a,ttack" of t h e  RMS 
tube  due to t h e  sa te l l i t e  ro t a t ion .  Data which are least d i s t o r t e d  
regarding t h e  ion composition are obtained during t i m e  i n t e r v a l s  corres
ponding to ion  stream m a x i m a  - i .e.,  a t  moments of minimum RMS angle of 
a t t a c k  ( t h i s  i s  i l lus t ra ted  q u a l i t a t i v e l y  i n  Figure 3). 

It ca,n be seen from Figur+e 7 t h a t  t h e  m a x i m u m  amplitudes of t h e  
H" peaks decrease, while t h e  0 and N' peaks increase,  wi th  a decrease 
i n  a l t i tude.  It can a l s o  'be seen t h a t  t h e  ion peaks of helium He+ are 
small throughout t h e  e n t i r e  a l t i t u d i n a l  region from 1300 t o  455 km. 

The f a c t  alone t h a t  pos i t i ve  ions were recorded by an instrument 
placed on t h e  s a t e l l i t e  poin ts  to t h e  f a c t  thak t h e  sa te l l i t e  p o t e n t i a l  
with respect  to t h e  unperturbed environment w a s ,  a t  l e a s t ,  not pos i t i ve .  
This i s  due t o  t h e  f a c t  t h a t  t h e  p o t e n t i a l  of hydrogen ion braking on t h e  
sa te l l i t e  moving a t  a ve loc i ty  of 10 km-sec-' i s  approximately 0.5 v. 
Future determination of t h e  s a t e l l i t e  p o t e n t i a l  i s  poss ib le  by ;y.ea'1s 
of an exact measurement of t h e  pos i t i on  of 0' and N peaks on t h e  sca l e  
of mass numbers (Ref. 2) .  The mass numbers of peaks 14 and 16 ( tak ing  
i n t o  account a cor rec t ion  f o r  re la t ive ion  ve loc i ty ,  equal l ing t h e  
s a t e l l i t e  ve loc i ty)  d i f f e r  from whole values by a magnitude of 

0.2 mu, which corresponds to a sa t e l l i t e  p o t e n t i a l  of Cp = - 2 v.9 = -Th s p o t e n t i a l  i s  determined to an accuracy of poss ib le  quan t i t i e s  of  t h e  
contact  p o t e n t i a l  d i f fe rence  between t h e  sa te l l i t e  frame and t h e  tube 
e lec t rodes  of t h e  m a s s  spectrometer, which ba re ly  exceeds f r a c t i o n s  of a 
volt. 1 Taking t h i s  i n t o  account, w e  can apparent ly  assume t h a t  t h e  m a s s  
spectrometer on t h e  sa te l l i t e  "Elektron-2", f o r  a l l  ion components includ
ing  t h e  H' ions, operated as a probe i n  t h e % a t u r a t i o n  current" regime 
( i n  t h e  region of t h e  l e f t  sec t ion  of t h e  volt-ampere c h a r a c t e r i s t i c  curve). 
This  provides a basis f o r  assuming t h a t  t h e r e  must not be s ign i f icant  d i s 
cr iminat ion of ions haxing mass numbers of 1and 4 with respec t  to ions 
with M = 14 and 16 i n  t h e  acce lera t ing  f i e l d  of t h e  satel l i te .  Discrimina
t i o n  i n  t h e  sa te l l i t e  f i e l d  can appear when t h e  ion d i r ec t ion  of motion 
deviates from t h e  normal t o  t h e  surface ah t h e  locat ion of t h e  RMS analyzer,  
p a r t i c u l a r l y  i n  t h e  pu l l ing  f i e l d  of t h e  f irst  analyzer gr id .  One very /200
s ign i f i can t  e f f e c t  i s  t h e  "discrimination wi th  respec t  t o  angle of incidence' '  
of t h e  heavier  ions i n  t h e  analyzer, when i t s  axis deviates from t h e  velo
c i t y  vec tor  of t h e  s a t e l l i t e .  Discrimlnation with respec t  to angle of 
incidence can be taken i n t o  consideration, i f  t h e  angle between t h e  analyzer
axis and t h e  s a t e l l i t e  ve loc i ty  vector  i s  known. 

Discrimination of ions i n  t h e  analyzer with respec t  to acce lera t ing  
voltage i s  another complicating fac tor .  The form of t h e  discr iminat ion 
curve wi th  respect  t o  acce lera t ingvol tage  f o r  t h e  MX-6405 instrument can 
be c l e a r l y  seen i n  Figure 8 ( t h e  dependence i s  recorded based on t h e  peak 
of neon-20 i n  t h e  analyzer occupied spectrum under laboratory conditions) . 
Since discr iminat ion 

-
with respect  to acce lera t ing  voltage i s  p a r t i c u l a r l y  

- .  . _ _  -
1 The e f f ec t s  of ' rpolar izat ionifof d i e l e c t r i c  films on t h e  e lec t rodes  o r  

t h e  s a t e l l i t e  frame can a l s o  p lay  a s ign i f i can t  ro le .  
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Change i n  t h e  Relative Concentration of Atmospheric Ion 
Components as a Function of Alt i tude During the  Period From 

February 10 t o  February 16, 1964 (Afternoon Hours,
14-19 Hours Local Time) 



I- ," 

Figure 10 

Diagram I l l u s t r a t i n g  Ion Composition of t h e  Outer Ioliosphcre 
(February 10-16,1964, afternoon hours) 

la rge  f o r  ions developing a t  t h e  beginning of mass number scal-es, arid s ince 
t h e  discr iminat ion curve recorded f o r  neon floes not encompass t h e  r e q u i s i t e

f

regLon, discr iminat ion with respect  t o  helium ions  He was a l s o  studied. 
It vas found tha,t t h e  He+ peak amplitude, produced a t  t h e  beginning of t h e  
subrange of mean mass numbers (generator frequency 4.08 Me per  hour, lower 
sca l e  of masses i n  Figure 8)  d i f f e r s  from t h e  amplitude of t h e  peek pro
duced "in t h e  normal way" i n  t h e  range of l i g h t  mass numbers (genera.t,or 
frequency 12.2 Me per hour, upper m a s s  s ca l e  i n  Figure 8) by a f ac to r  of 
2-b depending on t h e  analyzer regime with respec t  t o  t h e  counter potential . .  
A mean discriinination f a c t o r  of t h r e e  was  assumed i n  order t o  process t h e  
data c i t e d  here. 

Apart from considerat ion of discr iminat ion with respec t  t o  accclera,t ing 
voltage, ion streams of hydrogen and helium l e a d  t o  a nomina,l regime with 
respect  t o  t h e  counter po ten t i a l ,  t ak ing  i n t o  account t h e  s a , t e l l i t e  ve loc i ty  
and magnitude of add i t iona l  counter p o t e n t i a l  f o r  a l l  t h e  peaks. The regime 

which was produced f o r  ions of atomic ni t rogen and oxygen w a s  used as t h e  
nominal regime. 

Figure 9 presents  data on t h e  re la t ive concentration of H+,He+,N' and 0' 
ions i n  t h e  ionosphere a t  a l t i tudes of from 440 t o  1800 km; t hese  da ta  were 
obtained on revolut ions 13-19 i n  t h e  per iod from February 10 t o  February 16, 
1964. These data, pe r t a in  t o  afternoon hours (14-19 hours l o c a l  t i m e ) .  Due 
t o  t h e  small number of representa t ive  po in t s  obtained i n  3, sec t ion  of each 
revolut ion,  and due t o  our i n d e f i n i t e  information regardini: t h e  analyzer 
o r i en ta t ion  with respec t  t o  t h e  vc locf ty  vector  - which would be necessary 
i n  order  t o  obtain data, f r e e  from random e r r o r s  t o  a 1ary;e degree - we 
must examine t h e  r e s u l t s  derived from measurements on severa l  consecutive 
revolut ions.  The processing procedure cons i s t s  of cor rec t ing  t h e  recorded 
values  of H* and He' ion streams. The coe f f i c i en t s  f o r  reduction t o  a 
nominal regime f o r  H' and He+ 

were determined as 0.53 and 2.0, respect ively.  
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The discr iminat ion f ac to r s  with respect  t o  acce lera t ing  vol tage were de te r 
mined a,s 1.0 and 3.0. The re la t ive concentration of t he  M" component w a s  
calculated from t h e  equation 

(4) 
i- + " + 

where i H  , i H e  , i N  , io are strea,ms of t h e  corresponding components;
i

iM - t h e  same streams f o r  hydrogen, helium, nitrogen, and oxygen, mult i 
p l i e d  by t h e  coef f ic ien ts  0.53; 6.0; 1.0, and 1.0, respect ively.  

I n  s p i t e  of t h e  s ign i f i can t  s c a t t e r  of  po in ts  +on t h e  graphs i n  
Figure 9 ( t h i s  p e r t a i n s  p a r t i c u l a r l y  t o  data, f o r  He and N ), t h e  main 
r u l e s  followed by a change i n  ionosphere composition w i t h  a , l t i tude are 
f a i r l y  w e l l  eiipressed: 0" and H+ ions are t h e  main components at a l l  
a l t i t u d e s .  Tnder given conditions,  t h e  0" and H' ion concentrations 
become equal a t  an a l t i t u d e  of 900 km. Based on data shown i n  t h e  
graphs of Figure 9, and tak ing  t h e  f a c t  i n t o  account t h a t  molecular ions 
were not debected i n  measurements on t h e  "Elektronl' s a t e l l i t e s ,  a. dia
gram was constructed showing t h e  outer  ionosphere composition. T h i s  dia

r a m  i s  shown i n  Figure 10. The basic  d i f fe rence  between t h e  models /202 
e x i s t i n g  up t o  the  present  t i m e  a.nd the experimental da . ta  derived 

from probe neasurements of t h e  composition (Ref. 4, 5) cons is t  of t h e  f a c t  
thak helium ions are not t h e  predominant ionosphere component a t  any alti
tude,  based on mea,surements on the  s a t e l l i t e  "Elektron-2". With an 
increase i n  a l t i t u d e ,  t h e  "oxygen1' ionosphere changes d- i rect ly  i n t o  a. 
"hydrogen" ionosphere, t h e  so-ca.lled protonosphere. The r e s u l t  coincides 
with data from a mass spectrometer experiment conducted by Ta.ylor a n d  
coworkers ( R e f  6 ) .  I n  t h i s  experiment they s tudied H" and He' ions  to 
gether with t h e  t o t a l  concentration of pos i t i ve  ions up t o  an a , l t i tude  of 
940 km. T h i s  r e s u l t  a l s o  coincides with daAa derived by Bowles and eo
workers (Ref. 7); t hese  d a t a  were obtained by non-coherent sca, t ter ing of 
ionosphere r ad io  waves. 

Unfortuna,tcly, it i s  not poss ib le  t o  acknowledqe all of those ind iv i 
duals  who a s s i s t e d  i n  t h e  successful  performance of this work, beeinning 
severa,l years ago. The development and preparat ion of t h e  mass spectro
meter w a s  conducted under t h e  guidance of V. A. Paxlenko and A. E. Rafal 'son. 
I would l i k e  t o  thank t h e  supervisors,  M. Ye. S lu tsk iy  amd B. I. Zarkhin, 
who guided t h e  execution of t h e  work, for t h e i r  g rea t  contr ibut ion i n  devel  
oping t h e  m a s s  spectrometer f o r  t h e  "Elektron" sa te l l i t e  and f o r  t h e i r  
cooperation i n  performing t h e  work a t  a l l  subsequent s tages .  The coworkers 
of t h e  RMS group a.lso rendered subs t an t i a l  ass i s tance :  engineer A. A. Perno 
and technic ian  S. V. Vasyukov. FinaUy, t h e  members of t h e  staff of 
G. N. Zlo t in  - T. A. Zaglyadimovoy and N. V. Bul'ulychevoy - made an invalu
a:ble cont r ibu t ion  i n  processing t h e  r e s u l t s  obtzined. 
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ONE ANOMALY I N  ELECTRON PITCH-DISTRIBUTIONS 

0. L. Vaysberg, F. K. Shuyskaya 

The s a t e l l i t e  "Kosmos-5" ca r r i ed  narrow-beam charged p a r t i c l e  sen- /203 
sors  (Ref. 1). These sensors recorded a d i r e c t i o n a l  i n t e n s i t y  of e lec
t r o n s  with energies > 40 kev i n  t h e  region determined by t h e  s a t e l l i t e  
o r b i t a l  parameters, i . e . ,  for L ,< 2.0 and f o r  a l t i t u d e s  h < 1600 Inn. The 
s a t e l l i t e  w a s  not oriented, and r o t a t e d  around i ts  own axis, which w a s  
approximately perpendicular t o  t h e  sensor axes, with a period of 3-4 min
u tes .  W e  d id  not have d a t a  on t h e  s a t e l l i t e  o r i en ta t ion  at  our disposal,  
and the re fo re  t r i e d  t o  determine it. Employing t h e  readings of t h e  solar 
or i en ta t ion  recorders and t h e  sensor readings as supplementary readings, 
we were ab le  t o  determine t h e  o r i en ta t ion  of these  sensors f o r  5 revolu
t ions .  Thus, t h e  e r r o r  e n t a i l e d  i n  determining t h e  sensor d i r e c t i o n a l  
angle with respec t  t o  t h e  magnetic force  l i n e  d id  not exceed 5-10", as a 
ru le .  

After subt rac t ing  a s m a l l  signal, which w a s  not dependent on t h e  
pitch-angle and which w a s  caused by protons with >z 20 Mev energy, from 
t h e  sensor readings, we obtained t h e  dependence of t h e  d i r e c t i o n a l  
i n t e n s i t y  of e l ec t rons  w i t h  energies > 40 Mev upon pitch-angle f o r  each 
time t h e  plane perpendicular t o  t h e  force  l i n e  w a s  i n t e r sec t ed  by t h e  
sensors. These p i t ch -d i s t r ibu t ions  could thus  be used t o  obta in  t h e  
specular point d e n s i t i e s  along t h e  low sec t ion  of t h e  force  l i ne ,  i f  t h e  
e lec t rons  move along t h e  fo rce  l i n e  with conservation of t h e  momentum. 

The processed ma te r i a l  shows t h a t  t h e r e  i s  s a t i s f a c t o r y  agreement 
between t h e  dens i ty  of specular points,  obtained according t o  t h e  p i t ch -
d i s t r ibu t ions ,  and t h e  e l ec t ron  i n t e n s i t i e s ,  which were observed 
a t  an angle of 90" t o  t h e  fo rce  l i n e  and which were obtained when t h e  
s a t e l l i t e  passed a t  o the r  times through t h e  i n t e r v a l  L under similar con
d i t i o n s  ( s i m i l a r  longitudes, similar l o c a l  t ime).  However, t h e  s c a t t e r  
between them w a s  g rea t .  The widths of t h e  p i t ch -d i s t r ibu t ions  show t h a t  
t h e r e  a r e  s i g n i f i c a n t  systematic changes, which exceed t h e  t o t a l  s c a t t e r  
and observa t iona l  e r r o r s .  Figure 1 shows seve ra l  of t hese  p i t ch -
d i s t r i b u t i o n s .  Longitudes and l o c a l  observational time a r e  given f o r  /204
them. 

The p i t ch -d i s t r ibu t ions  obtained can be divided i n t o  t h r e e  groups 
(during t h e  time between t h e  launch on May 28 and t h e  h igh-a l t i tude  
American thermonuclear explosion on J u l y  9 ,  1962,which g r e a t l y  changed 
t h e  r ad ia t ion  environment, t h e  semimajor a x i s  of t h e  "Kos~os-5"o r b i t  
d i d  not make a complete revolution, and therefore  t h e  observations do 
not encompass a l l  longitudes o r  a l l  times during t h e  day): 

1)-180"<h < -looo; TM M 15 hrs.  30 minutes - 22 hrs.00 minutes; 

2 ) - 60°< h < 3- 20'; TM w 6 h r s .  20 minutes - 13 hrs.40 minutes; 

3)+ 20°< h < +- 55"; M 13 hrs. 40 minutes - 15 hrs.50 minutes. 
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Figure 1 

Pi tch-Distr ibut ions of Electrons with E - >  40 kev Energy 
For Three In t e rva l s  L According t o  "Kosmos-5" D a t a  (June, 1962) 
Equator ia l  pi tch-angles  were obtained from t h e  condi t ion of mag
n e t i c  moment conservation. The l o c a l  time i s  ind ica ted  by an 
arrow a,bove each d i s t r i b u t i o n  (see d i a l  i n  t h e  upper l e f t  corner) .  
Longitudes are given below. 1 - Group I of p i tch-d is t r ibu t ions ;  

2 - Group 11; 3 - Group 111. 

Figure 2 shows t h e  specular point  dens i t i e s ,  compiled according t o  p i t ch -
d i s t r ibu t ions ,  i n  B, L-coordinates f o r  t hese  groups of p i tch-d is t r ibu t ions .  
A s  can be seen i n  Figure 2,a, wide p i t ch -d i s t r ibu t ions  are observed i n  t h e  
longi tudina l  range t o  t h e  west of t he  South At l an t i c  anomaly, and s i g n i f i 
cant i n t e n s i t i e s  are observed f o r  those values  of B which these  e lec t rons  
must overcome i n  t h e  anomaly region when d r i f t i n g  i n  an e l e c t r i c a l l y  
n e u t r a l  geoma,gnetic f i e  Id. The p i t ch -d i s t r ibu t ions  have narrower edges 
i n  t h e  anomaly region. However, t h e  dens i ty  of specular  po in t s  does not 
change s i g n i f i c a n t l y  at t h e  anomaly output f o r  B ( h i n  > 200 km). Beginning 
with A e 0 and X M 20°, t he re  i s  a contract ion of t h e  observed p i tch-
d i s t r ibu t ions ,  and the  narrowest p i t ch -d i s t r ibu t ions  are observed i n  t h e  
i-2o-+6o0 longi tudina l  range (Figure 2,c) .  A s  far as can be determined from 
fragmentary da ta  f o r  L - 2, t h e  r e tu rn  t o  wide p i t ch -d i s t r ibu t ions  t akes  
p lace  toward X - 120'. 

The recording of trapped e lec t rons  i n  t h e  geomagnetic f i e l d  region, 
where they  m u s t  be destroyed during a period of time which i s  l e s s  than 
one d r i f t  period, has a l ready been reported i n  ( R e f .  2-4). The longitud- /2O5 
i n a l  e f fec t  w a s  recorded by Vernov and h i s  coworkers i n  t h e  outer  zone 
(Ref. 5 ) .  It w a s  la ter  discovered at smaller L (Ref. 3, 6, 7), and t h e  
phenomenon i s  usua l ly  expla,ined by s c a t t e r i n g  and p a r t i c l e  a,bsorption 
when denser atmospheric layers  are penetrated.  Contraction of t h e  p i tch-
d i s t r i b u t i o n s  i n  t h e  observations described, which t akes  p lace  a t  t h e  
anomaly output and which corresponds t o  a decrease in i n t e n s i t i e s  observed 
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Figure 2 

B, L-Distributions of Specular Point Densi t ies  Obtained 
According t o  Pi tch-Distr ibut ion of Electrons With 
E > 40 kev at Al t i tudes  of 1000-1600 km, Under t h e  

Assumption of t h e  Magnetic Moment Conservation, 
According t o  1 r K ~ s m ~ ~ - 5 1 rData, (June, 1962) 

a - Group I of g i t ch -d i s t r ibu t ions ;  1 - 0.32*106, 
52 - 0.65-10 , 3 - i.3-106, 4 - 2.6-106_~ 

5 .2 - 10”,6 - 10.5 lO“electron*cm-“ sec s terad- ; 
b - Group 11; c - Group 111. 
The e x p e r h e n t a l  po-i.nt s c a t t e r  i s  shown f o r  2, 4, and 

G l eve ls  of i n t ens i ty .  

i n  t h i s  region on other  revolut ions where t h e  o r i en ta t ion  was not known, 
occurs a,t those a l t i t u d e s  (> 600 km) where, according t o  ex i s t ing  opinions, 
it cannot be expla.ined only by s c a t t e r i n g  i n  t h e  atmosphere. .Based on 
ex i s t ing  t h e o r e t i c a l  assumptions ( R e f .  8-10), it w a s  assumed t h a t  t h e  
observed phenomenon i s  a t  l e a s t  p a r t i a l l y  caused by t h e  exis tence of e lec
t r i c  f i e l d s  i n  t h e  magnetosphere. Electromotive forces ,  which are produced 
i n  t h e  dynamo-region, m u s t  pene t ra te  t he  capture region and d i s t o r t  t h e  
d r i f t  of low-energy p a r t i c l e s ,  due t o  t h e  high conduct ivi ty  a,long t h e  Leo-
magnetic force l i nes .  The observed systema,tic c.ha.nge in t h e  width of t h e  
p i t ch -d i s t r ibu t ions  f o r  e l ec t rons  with - 100 kev energies c a ~be caused by 
an e l e c t r i c  f i e l d  having a s t r eng th  on t h e  order of 10-5v.cm ’. Therefore, 
t h e  energy of these  e l ec t rons  wJst a l s o  change. 

A ha.rmonic ana lys i s  i s  p re sen t ly  being conducted f o r  a l l  e x i s t i n g  
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e lec t ron  observations on the  “Kosmos-5’’s a t e l l i t e  f o r  L < 2.0, i n  order 
t o  c l a r i f y  t h e  r e l a t i v e  r o l e  of t h e  longi tudina l  and d a i l y  phenomena. 
Preliminary da ta  show t h a t  t h e  r o l e  of t h e  d a i l y  phenomenon i s  at least 
no less than t h a t  of t h e  longi tudinal  phenomenon in t h e  observed var ia 
t i ons .  The d a i l y  s h i f t  with respect  t o  B of e lec t rons  recorded coincides 
with t h e  t h e o r e t i c a l  s h i f t  (Ref. 11). I n  addi t ion t o  t h e  systematic 
s h i f t ,  t he re  are a l so  random f luc tua t ions ,  whose magnitude exceeds t h e  
observational e r ro r .  
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VAJXLATIONS I N  THE SOFT C" O F  THE ELFCTRON ENERGY SPECTRUM 

T. M. Mulyarchik 

The construction and operation of e lec t ron  sensors carr!.ed on t h e  
s a t e l l i t e s  "Kosmos-3" and "Kosmos-5" a re  described i n  (Ref. 1-3). The 
curves f o r  t h e  sensor s e n s i t i v i t y  a re  given i n  (Ref. 4 ) .  The readings 
of t h ree  sensors, which were p a r a l l e l  t o  each other  and which had f o i l s  
of 0.4, 0.6, and 1.1mg-cm-", f o r  d i f f e ren t  acce lera t ing  vol tages  (3.8,
6, 11kv) were employed t o  determine t h e  energy spectrum. An increase 
i n  t h e  e lec t ron  energy recorded due t o  the  accelerat ing vol tage leads t o  a 
s igna l  increase (pos i t ive  modulation) f o r  an energy of 4 30 kev and t o  
a s igna l  decrease (nega,tive modulation) for 50-150 kev energies.  /206 
Electrons with energies of 35-50 kev and more than 150 kev undergo 
p rac t i ca l ly  no modulations. The s igna l  r a t i o s  f o r  t h ree  sensors without 
accelerat ing volta.ge i n  t h e  0-40 kev region s t rongly depend on t h e  
recorded e lec t ron  energies, and remain almost constant for E > 50-70 kev. 

Figure 1 

Example of Electron Energy Spectra Observed i n  
Different  Regions F r o m  t h e  S a t e l l i t e  "Kosmos-5" 
Energy i s  p lo t t ed  along t h e  abscissa  ax is ;  r e l a 
t i v e  different l .a l .  i n t e n s i t i e s  of e lec t rons  (per 
1kev) i n  d i f f e r e n t  energy groups a re  p lo t ted  on 
the  ordinate  axis. 

By combining t h e  r i i t io  of t h ree  sensor signa& with t h e  s ign and 
magnitude of t h e  modulation, we can determine t h e  energy spectrum of 
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Figure 2 

Geographic Location of Negative and Pos i t ive  Modulations 

1 - pos i t i ve  modulation, 2 - negakive modulation, 3 - zero 
modulation. A l l  observations f o r  which L < 2 axe p lo t ted .  
Two d r i f t  t r a j e c t o r i e s  are given as an example. 

e lec t rons  recorded.. The energy spectrum of e lec t rons  with E > 50 kev was 

compiled according t o  data. i n  (Ref. 5) ,  which compared a l l  measurements 

f o r  t h e  energy spectrum of e l ec t rons  with E > 40 kev car r ied  out before 

J u l y  9, 1962. If it i s  assumed t h a t  N(E < 40 kev) dE = 0, and 

N(E > 40 kev) dE coincides with t h e  form given i n  ( R e f .  5 ) ,  then t h i s  

e lec t ron  d i s t r i b u t i o n  would produce a negative modulation of about 7% 

i n  a sensor with f o i l  of 0.6 mg-cm-'. Addition of t h e  30-50 kev sec t ion  

according t o  d a t a  i n  ( R e f .  5 )  would lead t o  t h e  recording of negative 

modulation with an amplitude of 4%. Posi t ive  modulation i s  only reached 

by t h e  addi t ion  of e lec t rons  with E < 30 kev. 


An ana lys i s  of t h e  s e n s i t i v i t y  curves shows t h a t  t h e  addi t ion  of t h e  
10-20 kev group t o  t h e  heavy component 1ea.dsto a s ign i f i can t  increase i n  
the  pos i t i ve  modulation amplitude and t o  a c3mparatively weak "softening" 
of t h e  s igna l  r a t i o  f o r  t h e  t h r e e  sensors.  If t h e  same amplitude i s  
caused by e lec t rons  with an energy of 20-30 kev, t he  s i g n a l  ra , t io  of t h e  
t h r e e  sensors would have t o  be much ' 'softer ' '  (Ref. 4 ) .  I n  every observation 
of pos i t i ve  modulation on t h e  ''Kosmos-3" and 1 1 K ~ ~ m ~ ~ - 4 1 1sa . t e l l i t e s ,  t h e  
s igna l  r a t i o  of t h e  t h r e e  sensors was r a t h e r  "hard" f o r  a s ign i f i can t  modu
l a t i o n  amplitude, so t h a t  e lec t rons  with energies  of 10-20 kev played the  
predominant r o l e .  Figure 1presents  examples of e lec t ron  energy spec t ra  /PO7
observed on " K 0 s m o s - 5 ~ ~i n  d i f f e r e n t  regions.  The d i s t r i b u t i o n  f o r  
E > 40 kev i s  taken from ( R e f .  5) ,  and d i s t r i b u t i o n s  4-1i n  t h e  10-40 kev 
region a re  shown. These d i s t r ibu t ions  give t h e  nega.tive modulation with 
an amplitude of 776, t h e  zero modulation and the  pos i t i ve  modulation with 
an amplitude of 10 and 200%. The s igna l  r a t i o  of t h e  th ree  sensors i s  
(3.2:1:3.0), (3.2:1:3.0), (3.2:1:2.7) and (3.2:1:1.6). 
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Figure 2 shows t h e  dependence ( f o r  L ,<  2) of t h e  negative and posi
t ive  modulation occurrence on a l t i tude  and longitude. It can be seen from 
the  f i g u r e  t h a t  t h e  nega,tive modulation w a s  recorded a t  high invar ian t  a l t i 
tudes hin(hi, - t h e  minimum a l t i t u d e  of a given specular  point  t r a j e c t o r y  
above t h e  Earth s surface) ,  and t h e  pos i t i ve  modulation w a s  recorded at  
smaller values of bin. However, t h e  pos i t i ve  modulation w a s  only 
recorded when high a c t u a l  a l t i t u d e s  (above 500-1.000k m )  corresponded t o  
s m a l l  v a h e s  of t he .  invar ian t  a l t i t u d e  bin. Thus, e lec t rons  with an 
energy of approximately 15 kev, which produced a pos i t i ve  modulation, 
were recorded above c e n t r a l  and southern A s i a ,  t h e  Indian Ocean, Indonesia, 
a.nd t h e  western p a r t  of t h e  Pac i f i c  Ocean. There w a s  a sharp relative de
crease i n  t h e  i n t e n s i t y  of e l ec t rons  with E - 15 kev i n  t h e  South At lan t ic  
(change from 1 and 2 spec t ra  t o  t h e  4 spectrum i n  Figure 1).The absolute  
i n t e n s i t y  of t h e  s o f t  e lec t rons  a l s o  decreased. 

The m a x i m u m  i n t e n s i t y  of s o f t  e lec t rons  at a l t i t u d e s  of about 1500 km 
w a s  approximately 107pa.rtic.le em-' see-' sterad-' and t h e i r  lower boundary 
corresponded t o  an i n t e n s i t y  of 5.105pasticle.cm-a.sec-1 .sterad-'.  

The soft e lec t ron  d i s t r i b u t i o n  with respect  t o  pitch-angles w a s  more 
i so t rop ic  than t h a t  f o r  e l ec t rons  w i t h  E > 40 kev. However, t h e i r  p i tch-
angle d i s t r i b u t i o n  remained an iso t ropic  c lose t o  the  lower bounda.ry of t h e  
s o f t  e lec t ron  region, with a maximum close t o  90°, so t h a t  t he  decrease i n  
t h e i r  i n t e n s i t y  along a given fo rce  l i n e  below 5 0 0 - l O O O  k m  w a s  pr imari ly  
related t o  t h e  magnetic r e f l e c t i o n  of p a r t i c l e s ,  and not t o  t h e i r  absorption 
i n  the  atmosphere a t  a given longitude. 

Let us  now examine t h e  s o f t e s t  component of t h e  energy spectrum 
recorded by t h e  s a t e l l i t e  "Kosmos-5". 

Figure 2 i n  (Ref. 4) gives  examples of s igna ls  from sensors with /208 
f o i l s  of 0 . l t  and 0.6 mg-cm-" under d i f f e r e n t  accelera,t ing vol tages .  The 
s igna l  shown i n  Figure 2, a i s  pr imari ly  encountered on the  i l luminated 
sect ion of t h e  o r b i t .  This  s i g n a l  increases  when am acce lera t ing  vol tage 
of 11kv i s  switched on a sensor with a f o i l  of 0 .4  mg-em-". The s igna l  
r a t i o  on sensors of 0.4 a,nd 0.6 mg.cm-2 thus  exceeds 30, and the  s igna l  on 
the  0.4 mg-em-" sensor decreases by a f a c t o r  of 100 when t h e  acce lera t ing  
voltage decreases t o  6 kv. According t o  the  laboratory ca,l ibration, t h e  
recorded e l ec t ron  energy does not exceed 5 kev. The works (Ref. 3, 6) 
advance a r h m e n t s  subs tan t ia t ing  t h e  f a c t  t h a t  "fresh" photoelectrons are 
recorded i n  t h i s  case; these photoelectrons are not i n  equilibrium with 
t h e  surrounding environment and can surmount t h e  bra,king p o t e n t i a l  of 
-40 v supplied t o  t h e  screening g r i d  of t he  e lec t ron  sensor. 

The i n t e n s i t y  of t hese  s igna ls  decreases sharply when t h e  s a t e l l i t e  
passes i n t o  the  region of dark shade. However, they  have sometimes been 
observed for seve ra l  minutes c lose  t o  t h e  terminator on the  unilluminated 
sect ion of t h e  o r b i t .  It w a s  found i n  each such case tha t  t he  atmosphere 
w a s  i l luminated on t h e  o ther  end of t h e  force  l i n e  a t  a conjuga,te atmospheric 
point .  The photoelectron i n t e n s i t y  f e l l  below the de tec t ion  l i m i t ,  when the 
a l t i t u d e  of t h e  shade on t h e  i l luminated end of t h e  force  l i n e  exceeded 
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300-400 km. Thus, t h e  i n t e n s i t y  of "crepuscular" photoelectrons depends 
e s s e n t i a l l y  on t h e  a l t i t u d e  of t h e  observat ional  point ,  and sharply 
decreaseswhen t h e  s a t e l l i t e  passes below 250 km. 

An i n t e n s i t y  of up to 2*107cm-2-sec'1 *sterad-' w a s  usua l ly  observed 
at  an a l t i t u d e  of about 250 km f o r  1.5 hours before sunrise,  under t h e  
condition t h a t  t he  Sun w a s  located above the  horizon a t  a conjugate point .  
A s  has a l ready been indicated,  t h e  recorded e lec t ron  energy exceeded 40 ev. 
Such e lec t rons  e f f e c t i v e l y  exc i t e  several emissions of t h e  upper atmosphere, 
p a r t i c u l a r l y  h 3914 8 l N G  N2+,h 6300 and 5577 ?I [U V I .  U t i l i z ing  da ta  on 
t h e  e f f ec t ive  exc i t a t ion  cross  sect ions by e l ec t ron  impact from (Ref. 7) and 
(Ref. 8), as w e l l  as the  model given by Harris and P r i e s t e r  (Ref. 9) for 
t = kh, S = 180, w e  f ind  t h a t  t h e  i n t e n s i t i e s  of these  th ree  emissions do 
not exceed severa l  Rayleighs. Thus, d i r e c t  atmospheric exc i t a t ion  by rapid 
electrons,  which w a s  observed by means of " K O S ~ O S - ~ ~ ' ,i s  below t h e  de tec t ion  
l i m i t  of present day spec t r a l  equipment. If we take  t h e  f a c t  i n t o  account, 
however, t h a t  a flux of low-energy photoelectrons exceeds t h e  flux of e lec
t rons  with E > 40 ev by approximately one order of magnitude, t h e  phenomenon 
i s  found t o  be s ign i f icant .  I n  addition, s o f t  e lec t ron  streams at  a l t i t u d e s  
of 200-300 km lead t o  an e lec t ron  temperature increase (Ref. 7, 10). I n  t h i s  
case predominant exc i t a t ion  of t h e  red l i n e  m u s t  be observed. There have 
been severa l  recent  discussions (Ref. 10-14) of t h e  p o s s i b i l i t y  of an elec
t r o n  temperature increase and of t h e  red l i n e  cross  sec t ion  exc i t a t ion  i n ' t h e  
pre-morning hours by photoelectrons a r r iv ing  along t h e  force  l i n e  from t h e  
i l luminated atmosphere. The s a t e l l i t e  'tK0sm0s-5'' recorded r e a l  streams of 
such photoelectrons. Unfortunately, we do not have at our d isposa l  da ta  on 
t h e  red l i n e  cross  section, which could be d i r e c t l y  compared with our mea
surements. However, according t o  ( R e f .  15) t h e  general  nature of t h e  morn
ing behavior of t h e  red l ine ,  p a r t i c u l a r l y  t h e  "north wave" - i.e., t h e  
beginning of pre-morning in t ens i f i ca t ion  from t h e  northern sec t ion  of t h e  
sky - and t h e  i n t e n s i t y  of t h e  pre-morning f l a r e  c lose ly  coincide with t h e  
'behavior of crepuscular photoelectrons and t h e i r  f lux .  
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SPATIAL DISTRIBUTION OF DI.FFEXEXVT GROUPS OF TRAPPEB 
CORPITSCIZS BASED ON DATA Fi3OM THE SATELLCTES 

"KOSMOS-3AND "KOSMOS-5I' ' I  

V. IT. Temnyy 

Data obtained on t h e  s a t e l l i t e s  "Kosmos-3" and "Kosmos-5" made it /209
possible  t o  determine t h e  d i s t r i b u t i o n  of protons having energies g rea t e r  
than 50 Mev, and of e lec t rons  trapped by t h e  geomagnetic f i e l d  before t h e  
high-al t i tude American explosion on J u l y  9, 1962. It w a s  found previously 
(Ref. 1)t h a t  t h e  d i s t r i b u t i o n  of high-energy protons i s  characterized 
qui te  wel l  be t h e  B, Ecoord ina tes  introduced by McIlwain (Ref. 2). Figure 
1 shows t h e  d i s t r i b u t i o n  of high-energy protons i n  these  coordinates. 

Envelopes were compiled i n  order t o  study t h e  d i s t r ibu t ion  of e lec t ron  
streams recorded, according t o  t h e  maximum value of current s igna ls  whose 
modulation w a s  determined by t h e  s a t e l l i t e k  ro t a t ion  around a,n ax i s  perpen
d icu lar  t o  t h e  sensor axes. These envelopes determine the continuous 
change i n  trapped e lec t ron  streams along t h e  s a t e l l i t e ' s  o rb i t ,  recorded i n  
a d i r ec t ion  which i s  perpendicular t o  t h e  force l i n e .  The analysis  of t h e  
recorded e lec t ron  spectrum performed by T. M. Mulyarchik (Ref. 3) revealed 
t h e  f ac t  t h a t  these  s igna ls  a re  pr imari ly  caused by trapped e lec t rons  with 
energies grea te r  than  40 kev. 

A s ign i f i can t  s c a t t e r  of experimental data,  which w a s  pa r t i cu la r ly  
la rge  f o r  s m a l l  s igna ls  ( the  region of la rge  B [Ref. l]), w a s  obtained 



Figure 1 

Dis t r ibu t ion  of Proton Streams ( i n  par t ic le*cm-2 -see-') 
With Energies Greater Than 50 MeV i n  B, L Coordinates 

when attempts were made t o  compile t h e  d i s t r i b u t i o n  of s imi la r  i n t e n s i t y  
e lec t rons  i n  t h e  B, L coordinates, which w a s  t h e  same as f o r  high-energy 
protons . 

I n  order t o  determine t h e  nature of t h e  s c a t t e r  obtained, t h e  depen
dences of omnidirectional i n t e n s i t y  on B w e e  compiled at seven f ixed L: 
from 1.2 t o  2.0. Some of these  a re  shown i n  Figure 2. In these  graphs /211
t h e  number of experimental po in ts  equals t h e  amount of t h e  fixed envelope 
L in te rsec ted  by the  s a t e l l i t e .  It can be seen t h a t  s ign i f icant  e lec t ron  
streams were recorded i n  those d r i f t  t r a j e c t o r y  regions which descended 
toward t h e  Earth t o  an a l t i t u d e  of hmin < 100 km i n  t h e  region of t h e  
South At lan t ic  anomaly. The d i s t r i b u t i o n  along L = 1.6 of high-energy 
proton streams (Figme 3) servesto i l l u s t r a t e  t h e  f a c t  t h a t  e lec t ron  
streams were recorded i n  those d r i f t  t r a j e c t o r y  regions which they could 
not reach during ad iaba t ic  motion i n  t h e  geomat;netic f i e l d .  It can be 
seen from t h i s  f igure  t h a t  only a background caused by cosmic rays i s  
recorded i n  t h e  case of hmin < 100 lan. 

I n  t h e  anomaly region e lec t ron  streams could not be recorded i n  t h e  
case of hin< 100 km. It i s  therefore  i n t e r e s t i n g  t o  examine t h e  depen
dence of d i s t r i b u t i o n  only upon t h e  longitude of t h e  recording locat ion.  
Figure 2 gives t h e  geographic longi tudinal  regions Ln which experimental 
values were obtained. It can be seen t h a t  t h e  l a rges t  port ion of po in ts  
per ta ining t o  t h e  anomaly region (from 60"W t o  60"E) i s  located t o  t h e  
l e f t  of t he  poin ts  character iz ing i n t e n s i t i e s  recorded i n  t h e  region l O O o W  
- 150°E at a l l  t h e  L invest igated - from 1.2 t o  2.0. This could mean t h a t  
s imilar  trapped e lec t ron  streams were recorded at smaller B within t h e  
anomaly region than beyond it. 
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Figure 2 

Dis t r ibu t ion  of Electron Streams with E > 40 kev Along Four Chosen Lines L 

1 - x = 60"w - 6 0 ' ~ ;  2 - x -- 1 5 0 " ~- 100"w; 3 - A -.= looow - 6oow, x = 60O~
150"E. 

Squares - according t o  1 ' K ~ s m ~ ~ - 5 1 1data;  Cj.rclds - according t o  da,ta. from 
"KO smos -3'' . 
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Figure 3 

Dis t r ibu t ion  of Protons With E > 50 Mev 

c.r. - cosmic ray  backgroimd ( i n  
p a r t i c  l e  em-" sec-' ) 

The following cha rac t e r i s t i c  of t h e  d i s t r fbu t ions  shown i n  Figure 2 
was employed t o  determine t h e  change i n  a trapped e lec t ron  stream on t h e  
drif ' t  t ra jec tory ,  only as a f'unction of longitude. If &inabove t h e  
Earth's surface i s  employed instead of B, then i n  t h e  f irst  approximation 
t h e  dependences obtained would be  approximately equal f o r  a l l  L f o r  inten

-s i t i e s  which a r e  l e s s  than 5~107particle~cm-2-sec-1 i .e.,  it can be 
assumed t h a t  t h e  i n t e n s i t y  d i s t r i b u t i o n  depends only on binand t h e  longi
tude A =  Since t h e  e lec t rons  recorded a re  trapped and o s c i l l a t e  along t h e  
force l i n e ,  ins tead  of t h e  geographic longitude of t h e  recording point  it /2D 
i s  advantageous t o  examine A x  - t h e  dis tance i n  degrees along t h e  d r i f t  
t r a j e c t o r y  from t h e  point  where t h e  given envelope L descends i n t o  t h e  
atmosphere t o  t h e  grea tes t  extent.  Ah i s  obtained from data on t h e  r e a l  
f i e l d  pos i t ion  ( R e f .  4). 

Figure 4 presents  t h e  averaged dependences of hmin on ah f o r  t h ree  
chosen stream magnitudes. The experimental po in ts  a r e  given f o r  t h e  f lux  
of 7.6-1O5particle-cm-2 0sec-l . The curves obtained r e f l e c t  t h e  d i s t r ibu 
t i o n  change along t h e  force l ine :  t h e  f l u x  increases  up t o  Ah = -looo 
during motion t o  the  eas t  of t h e  anomaly along h m k  i n  t h e  d i r ec t ion  of 
e lec t ron  d r i f t ,  and then begins t o  decrease during motion toward t h e  anom
aly.  The p ic ture  thus  obtained apparently r e f l e c t s  t h e  cha rac t e r i s t i c  
d i s t r i b u t i o n  change along hin,and not sporadic f luc tua t ions  produced at 
d i f f e r e n t  longitudes. This i s  due t o  t h e  f a c t  t ha t ,  f o r  example, i n  t h e  
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Figure 4 

Change i n  h as a Function of Longitu?.e f o r  Constant 
Values of Electron Streams With E > 40 kev 

A x  = -100' region not once w a s  a f lux  of 7.6-105particle'cm-2*sec-1 
recorded f o r  hmin - 500 km, j u s t  as i n  t h e  anomaly region f o r  t h e  same 
hmin. It can be seen from Figure 4 t h a t  t h e  values obtained pe r t a in  to 
d i f f e ren t  i n t e r v a l s  of l o c a l  t i m e .  Due t o  t h e  r e l a t i v e l y  s m a l l  amount 
of experimental data ,  it w a s  not possible  to determine t h e  d a i l y  changes 
i n  t h i s  d i s t r ibu t ion .  It can only be noted t h a t  i n  t h e  AA - -100' region, 
where trapped e lec t rons  pknetrate  along t h e  l i n e  t o  maximum B, streams 
were recorded i n  time i n t e r v a l s  comprising 75% of t h e  day (morning, day
time, evening) for hmin < -200 lan. In t h e  AA :.; -20' - -40' region, a 
f lux  of 7.6=105particle-cm-2 Osee-' w a s  recorded during t h e  morning hours 
at smaller hinthan during the  daytime and evening hours. 

The comparison of i n t e n s i t y  changes given i n  Figure 2 and Figure 4 
makes it possible  t o  construct  a model of trapped e lec t ron  d i s t r i b u t i o n  
i n  t h e  By L coordinates (Figure 5) .  Constant i n t e n s i t y  i s  expressed i n  
t h e  form of a band here. The lower curve i n  t h e  band pe r t a ins  t o  t h e  
anomaly region; t h e  upper curve pe r t a ins  t o  t h e  region close to 
A x  = -100'; t h e  curves f o r  intermediate longitudes l i e  within t h e  band. 
This d i s t r i b u t i o n  of e l ec t ron  streams i n d i c a t a  t h a t  t h e  magnitude of t h e  
stream increases  along i d e n t i c a l  geomagnetic l a t i t u d e  when the re  i s  a 
change from s m a l l  L to L = 1.6; t h e  stream magnltude decreases during 
motion t o  l a r g e r  L. This ind ica tes  t h e  existence of a trzpped e lec t ron  
stzeam m a x i m u m  close t o  L :: 1.6. 

There i s  s t i l l  no explanation of t he  mechanism leading t o  the  
recorded stream change on t h e  d r i f t  t r a j ec to ry .  If it i s  assumed, as w a s  

/213 
done previously (Ref. 5 ) ,  t h a t  along t h e  en t i r e  d r i f t  t r a j e c t o r y  around 
t h e  Earth the re  i s  a continuous supply of trzpped p a r t i c l e s  t9 
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Figure 5 

Dis t r ibu t ion  of Trapped Electron Streams with E > 40 kev 
i n  B, L Coordinates, With Allowance f o r  Longitudinal Changes 

< 400 km, which predominates over absorption at those a l t i t u d e s  
where t h e  recording i s  conducted i n  t h e  AIL region t o  t h e  e a s t  from zero 
t o  -looo, and i f  it i s  assumed t h a t  t h e  absorption exceeds t h e  supply 
at AA from -100' t o  t h e  e a s t  up t o  Ah = 0, then t h e  "restorat ion" time 
of t h e  zone pax t i c l e s  can be estimated. It i s  on t h e  order of 107sec 
at t h e  equator f o r  L = 1.6. 

The possible  influence of t h e  e l e c t r i c  f i e l d ,  leading to t he  
recorded p a r t i c l e  d i s t r i b u t i o n  change on t h e  d r i f t  t r a j e c t o r i e s  i s  
invest igated i n  (Ref. 6,7). 

Longitudinal stream changes on t h e  drift  t r a j e c t o r i e s  only i n  t h e  
outer  zone region ( L  > 3) were obtained from measurement da t a  on t h e  
second spacec ra f t - sa t e l l i t e  (Ref. 8). Paulikas and Freden (Ref. 9) r e 
corded t h e  appearance of quasi-trapped e lec t ron  streams f o r  hmin< 0 km 
with energies grea te r  than 0.9 Mev only c lose  t o  L = 1 . 2  and 2.0. The 
s c a t t e r  i n  t h e  B, L coordinates of experimental po in ts  per ta in ing  t o  an 
e lec t ron  flux of 107par t ic le~cm-2~sec-1 ,recorded by Van  Allen and Frank 
on t h e  s a t e l l i t e  "Injun-1'' (Ref. 10) i n  t h e  L < 1.32 region, can probably 
a l so  be explained by the  longi tudinal  dependence. Recent da ta  obtained 
on t h e  s a t e l l i t e  "Kosm0s-17~~character ize  t h e  longi tudinal  changes of 
e lec t ron  stream d i s t r i b u t i o n  at L < 2 a f t e r  t h e  American thermonucles  
explosion on July 9, 1962 (Ref. 11). 

I n  conclusion, I would l i k e  t o  thank V. N. Smirnov f o r  ass i s tance  i n  
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ME3SUl3EDENT OF SOFT ELECTRON STREAMS I N  THE 
UPPER ATMOSPHERE AT ALTITUDES TO 500 KM 

L. A. Antonova and T. V. Kazachevskaya 

A t  present a very important problem i n  t h e  physics of t h e  upper /214 
atmosphere i s  t h e  study of corpuscular r ad ia t ion .  The existence of 
e l ec t ron  streams i n  t h e  upper atmosphere, not only i n  t h e  region of t h e  
polar  aurorae, 'but a l s o  a t  every l a t i t u d e ,  i s  of grea t  geophysical s ig 
nificance,  which i s  associated,  f o r  example, with t h e  problem of ioniza
t i o n  and wa,rming of t h e  upper atmosphere. O f  g r e a t e s t  geophysical 
i n t e r e s t  a r e  t h e  streams of very so f t  e l ec t rons  with energies of l e s s  
than  a t e n t h  of a k i lo-e lec t ronvol t .  They possess t h e  g rea t e s t  c ross  
sec t ion  of i n t e rac t ion  with atoms and molecules of t h e  atmosphere and 
apparently car ry  t h e  chief energy of t h e  streams. 

The existence of e lec t rons  of such energies i n  t h e  upper atmosphere 
might explain a number of p e c u l i a r i t i e s  of ionospheric behavior. However, 
t o  measure t h e  s t r eng th  and spectrum of low-energy e lec t rons  i s  a very 
d i f f i c u l t  t ask ,  e spec ia l ly  under t h e  conditions of' t h e  upper atmosphere, 
which p r i n c i p a l l y  involves t h e  very low penet ra t ing  power of t h e  p a r t i c l e s  
t o  be recorded. An open-type secondary-electron m u l t i p l i e r  was chosen as 
t h e  radiakion de tec to r  i n  an experiment measuring s o f t  e lec t rons  i n  t h e  
upper atmosphere. The secondary-electron m u l t i p l i e r  very e f f i c i e n t l y  
records s o r t  e lec t rons ,  permits measurement of t h e  e n t i r e  e lec t ron  stream 
without t h e  use of any add i t iona l  absorbents, and makes it poss ib le  t o  
measure weak e l ec t ron  streams and t h e i r  r ap id  va r i a t ions  i n  time. The 
secondary-electron m u l t i p l i e r  operates only a t  a vacuum no lower than 
5.10m5 mm Hg, which under upper atmospheric conditions i s  reached a t  
heights above 120 km. The short  dura t ion  of t h e  rocket experiment neces
s i t a t e d  preliminary evacuation of t h e  instrument housing containing t h e  
mul t ip l i e r  before t h e  rocket was f i r e d ,  so t h a t  t h e  instrument would 
become degas i f ied  f a s t e r  after it wa,s opened. 

Ind iv idua l  s ec to r s  of t h e  e lec t ron  energy spectrum were d is t inguished  
by interchanging d i f f e r e n t  f i l t e r s  i n  f r o n t  of t h e  mul t ip l i e r .  The multi
p l i e r  operated i n  t h e  pulse count mode. 

The experiment w a s  conducted on October 18, 1962, at  mean l a t i t u d e s  
i n  t h e  daytime. The instrument was i n s t a l l e d  in t h e  hermetic, j e t t i s o n -
able AGS*COntainer. The axis of symmetry of t he  instrument input aper ture  
l a y  i n  t h e  equa to r i a l  plane of t h e  container.  The v i s u a l  angle of t h e  
instrument was f 6". The container was s t a b i l i z e d  re lak ive  t o  t h e  v e r t i 
cal ,  and ro t a t ed  about it with a period gradually changing from 12 t o  
see. 

The'instrument i n  t h i s  experiment r eg i s t e red  r a t h e r  s u b s t a n t i a l  noise, 
probably caused 'by dispersed l i g h t  en ter ing  t h e  instrument by mul t ip le  
r e f l ec t ions  through t h e  s l i t  i n  t h e  f i l t e r  input device. The s i g n a l  w a s  
'Note: AGS designates High Al t i t ude  Geophysical S ta t ion .  
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found t o  p reva i l  over t he  background l e v e l  f o r  a f i l t e r  represent ing 
an open window (d=O.lmm) and t h e  two least  dense f i l ters  (aluminum and 
f luo rop la s t i c  f i lms  - 7 1-1 t h i c k ) .  An estimate of t h e  average value of /2l5 
t he  i n t e g r a l  e lec t ron  stream, determined from t h e  s igna l  through t h e  
open window, gave a value of M 5 .  lo7 e lec t ron- - sec-' * sterad- 'within 
an accuracy of 2. The mean f l u x  of e lectrons having energies exceeding 30
35 kev w a s  estimated as -2-10 electron.  - see-' * sterad-l  . From these  
d a t a  and the  upper l i m i t s  of t he  f l u x  f o r  other  f i l t e r s ,  t h e  i n t e g r a l  
e lec t ron  energy spectrum (Figure 1)w a s  p lo t ted .  In  t h e 3 1 0  kev region, i t  
may be represented as a power funct ion with a power exponent of-4.5. A 
l e s s  d r a s t i c  increase i n  i n t e n s i t y  w a s  observed f o r  smaller energies, and 
it w a s  concluded t h a t  t h e  spectrum boundary on t h e  low energy s ide  w a s  
below - 9 kev. 

Assuming t h a t  t h e  spectrum boundary on the  low energy s ide  l i e s  i n  
t h e  1-8 kev region, an est imate  of t h e  e n t i r e  energy f l u x  r e s u l t s  i n  
values of -0.1 - 0 . 5  erg.cm-2 - see-' -s terad- ' .  The mean f l u x  does not 
depend on a l t i t u d e  i n  the  measurement a l t i t u d e  range, nor on the  angle 
between the  ve loc i ty  vec tor  and t h e  plane perpendicular t o  t h e  magnetic 
l i n e  of force .  S igni f icant  short- l ived var ia t ions  were detected.  

The e lec t ron  streams i n  the  atmosphere were a l s o  measured by a method 
based on the  p r inc ip l eo f  recording ionizing rad ia t ion  by means of t he  
thermoluminescent phosphor CaSO

4 
(Mn) ( t h e  "Phosphm"device). The luminous 

compound CaSO (Mn) has valuable  proper t ies  permitt ing absolute  measure
ments i n  the  shortwave region of t he  spectrum below 1350 8. Under short
wave rad ia t ion ,  as wel l  as y - and 6- radiat ion,  t h e  Cas04 (Mn) phosphor 
s to re s  energy, and when heated re-emits it i n  t h e  v i s i b l e  region of t he  
s p e c t m  with a peak i n  t h e  green sec tor .  The phosphor's peak brightness 

when heated i s  - j u s t  l i k e  t h e  t o t a l  energy of t h i s  r ad ia t ion  ( t h e  l i g h t  
sum) - proport ional  t o  t h e  energy s tored by the  phosphor during exposure
wi th in  wide energy ranges. 

The main quant i ty  charac te r iz ing  t o t a l  r ad ia t ion  energy f a l l i n g  on 
t h e  phosphor i s  t h e  " l i g h t  sum". It i s  experimentally measured as the  
i n t e g r a l  number of quanta of v i s i b l e  l i g h t  emitted by t h e  phosphor during 
t h e  e n t i r e  heat ing period. The l i g h t  cum gives information on t h e  t o t a l  
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energy of t h e  exc i t ing  rad ia t ion .  It does not 
r e f l e c t  t he  nature  of t h e  spec t r a l  d i s t r i b u t i o n .  

The quantum y ie ld  of t he  phosphor depends 
only on t h e  wavelength of t he  r ad ia t ion  measured. 
Within wide l i m i t s  (approximakely f i v e  orders  of 
magnitude), t h e  phosphor i s  not saturated.  An 
espec ia l ly  valuable property i s  t h a t ,  as t h e  
invest  igakions demonstrated, CaSO, (Mn) i s  not 
s ens i t i ve  to rad ia t ion  i n  t h e  spe t r a l  region
of wavelengths grea te r  than 1300 k. 

1 I 
The proper t ies  described make phosphor 

CaSO, (Mn) very su i t ab le  f o r  measuring ionizing 
rad ia t ion .  /216 

Measurements with phosphor CaSO, (Mn)were of tm 
conducted i n  rockets  in  1948-1950 i n  t h e  United 
States .  I n  these experiments phosphor specimens 
exposed during f l i g h t  were de-excited on Earth i n  
a laboratory u n i t .  Such measurements produced 
large e r rors ,  s ince - when t h e  exposed samples 
were salvaged - some of t h e  energy they had 
s tored had .been l o s t  because of heating when 
t h e  rocket entered the  dense layers  of t h e  
atmosphere. 

The instrument used i n  our experiments 
d i f f e r s  not only i n  exposure, but  a l so  i n  t h e  
f a c t  t h a t  de-exci ta t ion of t h e  phosphor speci
mens takes  place i n  f l i g h t .  This e l imimted  
t h e  need f o r  salvaging the.equipment and el imi
nated t h e  e r ro r  pointed out i n  t h e  American 
experiments . 

The "Phosphor" device measured e lec t ron  
streams i n  t h e  upper atmosphere f o r  t h e  f irst  
time during a so la r  ec l ipse  (February 15, 1961). 

I n  October, 1962, and June, 1963, phosphor 
measurements were again car r ied  out. Special  
tubu1a.r f i l t e r s  with t h e i r  cy l ind r i ca l  open
ings a t  a 45" angle t o  t h e  intake axis were 
i n s t a l l e d  i n  f ron t  of two p la tes ,  i n  order t o  
separate t h e  e lec t ron  stream. This f i l t e r  
completely absorbed t h e  shortwave rad ia t ion ,  
but  e lec t rons  could get through t h e  openings 
t o  reach t h e  phosphor. Measurements were ma,de 
while t he  rocket w a s  r i s i n g  t o  an a . l t i tude  of 
500 km. During t h e  e n t i r e  f l i g h t  (no measure
ments were made below 150 km), t h e  e lec t ron  
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stream generated a reliable s i g n a l  ( f i l t e r s  3 and 7 i n  Figure 2, which 
gives t h e  r e s u l t s  of primary processing).  The measurement r e s u l t s  demon
stra . ted t h a t  t h e  e l ec t ron  stream energy varied l i t t l e  with a l t i t u d e  and 
averaged 0.3 erg-cm-" sec -1 . 

The above experiments have therefore  demonstrated t h e  e f f ic iency  of  
t he  new methods used t o  record low-energy e lec t rons  i n  t h e  upper atmosphere 
and have permitted estimates of e l ec t ron  flux and energy spectrum at  mean 
la t i tud-es  i n  t h e  ionosphere. 

VAELfYCIONS I N  ATMOSPHERIC I O N  COMPOSITION AT AIITITUDES OF 100-200 KM 
(Summary1 

G. S .  Ivanov-Kholodnyy, A. D. Danilov 

The mass-spectrometric inves t iga t ions  of t h e  ion composition of t h e  
ionosphere which have been conducted up t o  t h e  preeent  i n  t h e  100-200 lan 
region lead t o  a number of i n t e r e s t i n g  conclusions about t h e  va,ria,tions 
of ion concentra,tion associa,ted with t h e  t i m e  of da,y and so la r  a c t i v i t y .  
Figure 1presents  experimental d a t a  on t h e  behavior of r e l a t i v e  concen
t r a t i o n s  of iO']/ne and [NO+]/ne i n  t h e  course of 24 hours. The symbols 
corresponding t o  experiments made a t  a high l e v e l  of so l a r  a c t i v i t y
(@ 3150)  are enclosed i n  s m a l l  c i r c l e s .  As t h e  f igures  show, a 
differezce i s  detected i n  t h e  behavior of ion concentrations throughout 
one day a t  high and low s o l a r  a c t i v i t i e s .  The not iceable  s imi l a r i t y  
between t h e  curves f o r  a l t i t u d e s  h = 160, 180 and 200 h increases  t h e  
r e l i a b i l i t y  of deductions about t h e  behavior of the q u m t i t e s  [O+]/ne and 
[NO+]/ne wi th  a change i n  zeni th  d is tance  of t h e  S..m zo at d i f f e r e n t  
l eve l s  of s o l a r  a c t i v i t y .  The p r i n c i p a l  experiments were ca r r i ed  out i n  
the  range 55°C z ,< 90'; therefore ,  it i s  t h i s  region which i s  theore

0t i c a l l y  ana,lyzed i n  t h e  present  pa,per. For z < 50" t he re  i s  only one 
mass-spectrometric experiment (z  = 27.5') cogducted dur$ng magnetic 
pedurbakion;  therefore ,  t h e  behgvior of [O+l/ne and [NO ]/ne i n  t h i s  
region i s  tenta . t ively -traced by t h e  dot ted l i nes .  

The theory of  t h e  formation amd disappearance of t h e  p r inc ipa l  ions 1218 
i n  t h e  ionosphere leads t o  t h e  conclusion t h a t  - with unchamged atmospheric 
comPo s i t i o n  and dens i ty  i n  t h e  140-180 km region - t h e  concentration r a t i o  
[NO ]/[OBI must not depend on a l t i t u d e  and z ~ .  A comparison of t h e  values  
of [NO+1/10; 1, given for a. number of experiments i n  Figure 2, demonstrates 
t h a t  on t h e  average t h i s  ra . t io  i s  a c t u a l l y  observed t o  be constant within 
accuracy of 1.5. Curve 1 of Figure 2 refers t o  high solar a c t i v i t y ;  curve 
2, t o  medium; curve 3, t o  low s o l a r  a c t i v i t y ;  and curve 4, t o  t h e  period 
of magnetic per turbat ions.  Small va r i a t ions  (within t h e  l i m i t s  of 1.5)
nevertheless  exceed t h e  mass-spectrometric measurement e r r o r s  and apparently 
ind ica te  varia. t ions i n  t h e  parameters of t h e  neu t r a l  atmosphere (density,  /219 
composition, or temperature). A t h e o r e t i c a l  study of change i n  absolute  and 
relat ive concentrations of  charged p a r t i c l e s  i n  t h e  ionosphere, as ion iz ing  
r ad ia t ion  i n t e n s i t y  I o r  atmospheric dens i ty  N changes, enables u s  t o  derive 
t h e  r e s u l t s  presented i n  t h e  table. 
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Region of Ionosphere Dependence on I Dependence on N 
__ . . _ _ _  

A t  a l l  a l t i t u d e s  - I  No dependence 

Upper p a r t  of Iono-
sphere No dependence No dependence 

[O"] B [O:] 3- [NO'] -l/I - N  
No dependence - N  

~~ 

-1 No dependence 
- -.. . .~ ~-

Lower p a r t  of Iono- -J - - -JTsphere 
No dependence No dependence 

-JT -JN 
-J - -JN 

The f i r s t  ha l f  of t h e  t a b l e  corresponds t o  the  upper ionosphere, 
([O'J 2 ne>, where a l i n e a r  la,w of  recombination holds. The second ha l f  
corresponds t o  t h e  lower ionosphere, ([O"] < ne), where t h e  r a t e  of e lec
t r o n  disappearance i s  propor t iona l  t o  ne4.  A t  intermediate a l t i t udes ,  t h e  
dependence of e lec t ron  and ion  concentrations on I and N i s  more complex 
and i s  expressed by t h e  formulas i n  t h i s  a r t i c l e .  

Notwithstanding t h e  f a c t  t h a t  t he  e lec t ron  concentration and t h e  
r e l a t i v e  concentrations of 0' ions beha,ve d i f f e ren t ly  with zo a t  d i f f e r e n t  
so l a r  a c t i v i t i e s ,  t h e  absolute  concentrations of [Of ]disp lay  no appreci
ab le  dependence on t h e  a c t i v i t y .  This obviously ind ica tes  a simultaneous 
change i n  both I and N during t h e  so la r  cycle. 

Figure 3 compares t h e  ion iza t ion  r a t e  q at t h e  a l t i t u d e s  i n  question 
(as ca lcu la ted  by Watanabe and Hinteregger, and by Ivanov-Kholodnyy) with 
der iva t ions  of g based on experimental f indings regarding t h e  behavior 
of'[O']with t h e  zeni th  angle of t h e  Sdn. A s  follows from t h i s  f igure,  t h e  
f indings of Watanabe and Hinteregger (curve 2) a r e  c lose r  t o  t h e  experi
mental curve 3 than a r e  Ivanov-Kholodnyy's da ta  (curve 1). 

Ana,lysis of t h e  experimental da ta  on ion composition enables us  t o  
def ine t h e  r a t i o s  more accura te ly  which t h e  authors previously obtained 
between t h e  constants of t h e  fundamental ion  reac t ions  i n  t h e  ionosphere: 

~ O + / U ~ ~ +=4.10-&; ~~; /a~,+=2.10-4.  
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Figure 3 


Relative Change i n  Ion-Formahion Rate q 
A s  Function of zo at Different  Al t i tudes  
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CMGTEHISTICS OF SHORCWAVE COMMUNICATION WITH SPACECWTS 

F. I. Berbasov, T - S. Kerblay 
Ye. M. Kovalevskaya, L. N. Lyalchova 

The rad io  frequency which ensures good shortwave communications /220 
between two remote t e r res t r ia l  poin ts  i s  determined on t h e  assumption 
t h a t  t h e  ionosphere i s  spher ica l  and s t ra t i f ied and t h a t  i t s  parameters 
a r e  invar iab le  wi th in  t h e  l i m i t s  of a s ingle  bounce. The �2 la.yer i s  
taken as t h e  p r inc iFa l  r e f l e c t i n g  l aye r  i n  these  ca lcu la t ions .  I n  t h e  
vast major i ty  of cases, t hese  assumptions are jus t i f ied .  The present 
pa,per has computed a normal frequency range f o r  shortwave rad io  space 
communications, i n  a manner s i m i l a r  t o  t h a t  employed f o r  t e r r e s t r i a l  
comunica,tions. The only d i f fe rence  i s  the  d i f f e r e n t  arrangement of 
monitoring poin ts  because of t h e  emi t te r ' s  a l t i t u d e  of 18;)-250lrm. The 
wave t r a j e c t o r y  which occurs i n  normal propagation by r e f l e c t i o n s  from 
t h e  F2 l ayer  i s  represented i n  Figure la,. 

We have considered the  r e s u l t s  derived from analyzing data, on t h e  
recept ion on Earth of sLe;nals from tramsmitters broadcasting from Soviet 
spacecraf ts  a t  a frequency of about 20 M c .  The s t a t i s t i c s  c i t e d  i n  t h i s  
pa.per r e f e r  t o  cases where t h e  spacecra.fts are beneath t h e  peak of t h e  
F2 ion iza t ion  region outs ide of t h e  d i r e c t  v i s i b i l i t y  zone. 

I n  cases where t h e  operat ing frequency has f a l l e n  within t h e  ca lcu l 
a.ted range of a.pplicable frequencies,  t h e  p robab i l i t y  of communication 
has s ign i f i can t ly  exceeded t h e  mean value.  Thus, t h e  percentage of cases  
of communication with spaceship "Voskhod-1" (October, 1964) at a frequency 
of 20 Mc i s  3876 on t h e  a.verage, f o r  t h e  cases  where t h e  spacecraf t  w a s  
'beneath the  ion iza t ion  peak of t h e  F2 region. A t  t h e  per iods when t h e  
frequency f e l l  i r i to  t h e  predicted range, t h e  percentage of communication 
rose t o  87%. The f l i g h t s  of spacecraf ts  "Vostok-1" and 11V~sto1c-611took 
p lace  during a decrease i n  s o l a r  a c t i v i t y  i n  t h e  summer months, when t h e  
n i a x i m u m  a.pplicablc freq,uencies (MAF') were i n  most ca,scs below 20 Me, so 
t h a t  t he  20-Me opera.ting frequency w a s  fundamenta.1ly higher than t h e  upper 
l i m i t  of t h e  range of a,pplica.ble frequencies.  

An ana lys i s  of f a c t u a l  r indings on coitmunications with t h e  i r  Vostolc" 
spacecra,fts has showed t h a t  i n  most cases communication a,t t h e  20 Mc 
frequency w a s  observed, i n  s p i t e  o f  i t s  being higher than t h e  MAF. 

Ta;ble I gives  t h e  da t e s  of t he  spacecraf t  f l i g h t s ,  level of s o l a r  
a c t i v i t y  expressed i n  modified r e l a t i v e  mean monthly f igures  on sunspots 
a.t t hese  t i m e s ,  and axerage F2-4000-MAFvalues f o r  d iu rna l  and nocturna.1 /221 
condi t ions for mean and equa to r i a l  l a t i t udes .  

From T a h l e  I it i s  evident thak from 1961 t o  1963 t h e  c r i t i c a l  f re 
quencies a.nd MAF of t h e  F2 l ayer  decreased on t h e  a.verage, due t o  t h e  
decreased l e v e l  of s o l a r  a c t i v i t y .  
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TABLE 1 


~~ 

Solar .t Percent age
Spacecraft Date Of Act iv i ty  of

Flight  kvel Norma.1 
Propagat ion 

I 
"Vostok-1" 4/l2/1961 64 22.7 11.9 70 
"VO stok-2 I f  8/6/1961 5 1  18.6 12.0 36 
"VO s tok-3 I' 

18.3 11.6 25 
" V O S ~ O ~ - ~ "  

"VO stok-5 I f  4/ 14/ 1963 
30 17.4 15.0 12 

" V O S ~~ k - 6 ' '  6/16/ 1963 

Certain deviat ions from t h e  monotonic frequency drop a re  a t t r i b u t e d  t o  
seasonal changes i n  t h e  ionosphere, s ince t h e  f l i g h t s  took place i n  d i f f e r 
en t  months. Despite i so l a t ed  deviations,  Table l m a k e s  it c l e a r  t h a t  t h e  
ionosphere's capaci ty  t o  r e f l e c t  20-Mc s igna ls  s t ead i ly  decreased from 1961 
t o  1963. 

The last column i n  Table 1 gives t h e  f r a c t i o n  of time ( r e l a t i v e  t o  t h e  
e n t i r e  f l i g h t  t imel lduring which it was estimated t h a t  20-Me s igna ls  propa
gated by normal jump r e f l e c t i o n  might be expected t o  be received i n  t h e  
t e r r i t o r y  of t h e  USSR. The operating frequency was compared only with t h e  
MAF when evaluat ing t h e  propagation p o s s i b i l i t y .  The magnitude of t he  f i e l d  
s t rength which could be expected w a ; ;  l o t  considered, because incoming s igna l  
f i e l d  s t rength would 'be very small i a  long-distance reception, p a r t i c u l a r l y  
a t  times when t h e  path was illuminated. The percentage of expected reception 
time given i n  Table 1 i s  s l i g h t l y  overestimated. 

A comparison of t h e  time, when normal propagation i s  possible,  with the  
mean time of ac tua l  reception at 20 Mc,demonstrated t h a t  t h e  ac tua l  

1 H e r e  and elsewhere i n  the  following when fi,rguing t h e  time f r ac t ion  
during which communication occurred, t h e  value of 100% i s  assumed t o  
be t h e  e n t i r e  f l i g h t  time, except f o r  t he  periods t h a t  t h e  spa,cecraft 
i s  within the  l i n e  of s igh t ,  i .e. ,  t h e  time OS ac tua l  communication 
i s  assigned t o  t h e  whole time t h a t  communication would have t o  occm by 
ionospheric r e f l ec t ion .  
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probabi l i ty  of communication exceeded t h e  normal propagation probabi l i ty  
computed from ionospheric data .  "he communication p robab i l i t y  ac tua l ly  
derived does not diminish with t h e  decrease i n  a c t i v i t y ,  b u t  remains on 
approxima,tely t h e  same leve l ,  about 50%. The exis tence of communication 
a t  frequencies above t h e  MAF cannot be due t o  an inaccuracy i n  t h e  method 
of computing t h e  MAF, s ince  t h e  frequency excess over t h e  MAF reached very 
high values ( t o  8-10 Mc) i n  a number o f  cases. This made us  both pay 
spec ia l  a t t en t ion  t o  o ther  paths  of propagation which would make it possible  
t o  r e f l e c t  higher frequencies, and assume t h a t  they  p l ay  an important r o l e  
i n  ra.dio communications between spacecraf ts  and t h e  Earth. 

Communication a t  frequencies above t h e  MAF i s  a l s o  sometimes detected 
i n  other  t e r r e s t r i a l  r ad io  l i n e s  (Ref. 1);if t h e  emi t te r  i s  at a substan
t i a l  a l t i t u d e  above t h e  Earth 's  surface,  t h e  probabi l i ty  of communication 
a t  frequencies above t h e  MAFIrises. Figure 1depic ts  poss ib le  paths  of 
s igna l  propagation between Earth and t h e  spacecraft .  Figure lb-le 
represent  possible  non-normal paths  of s igna l  propagation: r e f l e c t i o n  from 
E, by jumps c loses t  t o  t he  poin t  of reception, and propagation along a 
rebound pa,th (Ref. 2, 3) with subsequent escape by gradients  (Ref. 4) o r  
escape by dispers ion (Ref. 5 ) .  

I n  order t o  determine what paths  of propagation most f requent ly  occur 
under a c t u a l  conditions,  t h e  discrepancies  i n  the  calculated MAF and t h e  
a c t u a l  rad io  communication frequencies ( A f )  were subjected t o  an analysis ,  
which showed t h a t  t h e i r  value e s s e n t i a l l y  depends on t h e  time of day. When 
t h e  receiving s t a t i o n  i s  i n  t h e  i l luminated hemisphere - i - e . ,  t h e  MAF at  
the  monitoring s t a t i o n  c loses t  t o  t h e  receiving point  i s  2 20 Me, while t h e  
MAP i n  t h e  v i c i n i t y  of t h e  spacecraft i s  s m a l l  - t h e  p robab i l i t y  of communi
ca t ion  i s  subs t an t i a l ly  grea te r  than when t h e  receiving s t a t i o n  i s  not 
i l luminated. 'l'nis i s  p a r t i c u l a r l y  not iceable  a t  grea t  dis tances .  Figure 2 
gives t h e  p robab i l i t y  of d i f f e r e n t  values of nf during i l luminated and dark 
periods,  f o r  d i s tances  of 6000-12,000km. A s  i s  evident from Figure 2, t h e  
p robab i l i t y  of large dcviakions of Af i s  considerable when t h e  point  of [222 
recept ion i s  i l luminated. 

Si.rice 'Ghe d i f f c r i n z  i l luminat ion along the  paLh corresponds t o  s i g n i f i 
cant horizonta.1 gradients  of e lec t ron  concentrahion ( the  so-called ionc
sphere gradients) ,  we may assume t h a t  when s igna ls  a r e  propagated a t  f r e 
quencies above the  normal MAF t hese  gradients  play an e s s e n t i a l  ro l e .  

When shortwaves a r e  t ransmi t ted  from spacecra.fts beneath t h e  peak of 
t h e  F2 layer ,  t he  angles of radiowave incidence onto t h e  r e f l e c t i n g  layer  
a r e  subs t an t i a l ly  grea te r  than t h e  angles of incidence a t t a ined  i n  t e r r e s 
t r i a l  communications. 

Radiowa.vcs f a l l i n g  onto t h e  r e f l e c t i n g  la.Ye r  at angles cp, which a r e  
g rea t e r  t h a n  t h e  maximum anc;lc of incidence chaX found i n  t ransmi t t ing  
from t h e  Earth, w i l l  be propa,ll;a.tcd by 'being r e f l ec t ed  only from t h e  iono
sphere i n  a so-cal lcd rc'bound t r a j ec to ry .  A s  t h e  incident  angle grows 
la rger ,  so also docs t h e  sca.linl: f a c t o r  of t he  c r i t i ca .1  frequency i n  t h e  
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Figure 1 

MAF f o r  sloping incidence. 

Propagation along rebound t r a j e c t o r i e s  guarantees t h a t  t h e  s igna ls  
w i l l  t r a v e l  grea t  d i s tances  at frequencies considerably above t h e  normal 
MAF. However, i n  order  t h a t  t h e  energy thus  t ransmit ted reaches t h e  Earth 
and t h a t  recept ion i s  poss ib le  on Eazth, supplementary mechanisms a r e  
needed to ensure t h a t  t h e  waves r e tu rn  to Earth. These mechanisms may, 
f i r s t ,  be any type of s ca t t e r ing  and, second, d i s t o r t i o n  of t he  s igna l  
pa th  d i r ec t ing  t h e  energy to t h e  Eaxth. The f’undamental difference ‘between 
these  methods i s  t h a t  any sca t t e r ing  involves greak energy losses  -mpa,red 
t o  normal propagation, while d i s t o r t i o n  of t h e  s igna l  path due t o  a hori
zon ta l  nonunifomity i n  t h e  ionosphere should not r e s u l t  i n  a.dditiona1 
s igna l  a t ten tua t ion .  Even a ce r t a in  s igna l  amplif icat ion may, on t h e  /223
contrary, be expected s ince - i n  propagation over a rebound t r a j e c t o r y  -
each time t h e  rad io  wave i s  r e f l ec t ed  by t h e  ionosphere it undergoes t h e  
focussing e f f e c t  of a concave sphere and i s  not defocussed by t h e  Earth’s 
surface.  Rebound t r a j e c t o r i e s  have grea t  advantages over propa,gation by 
successive r e f l e c t i o n s  from t h e  Earth and t h e  ionosphere i n  cases where 
t h e  t r a j e c t o r y  passes above t h e  Earth a.t a minLmum a l t i t u d e  hmin > 100 km. 
I n  t h i s  case, t he  radiowaves bypass t h e  pr inc ipa l  absorbing region ( the  D 
l aye r  and the  lower por t ion  of t h e  E l aye r ) ;  therefore ,  it may be expected 
t h a t  when these  waves a r e  t ransmit ted over long dis tances  t h e  f i e l d  s t rength  
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w i l l  be higher.  Resul ts  of analyzing measurements of t h e  f i e l d  s t rengths  
of r ad io  s igna l s  from the  f irst  and second satel l i tes  showed ( R e f .  3) t h a t ,  
a t  d i s tances  g rea t e r  than  6000-8000km, t h e  f i e l d  s t rength  exceeded t h a t  
calculated f o r  i d e a l  transmission. 

I n  order  t o  corroborahe t h e  explanation of communication with a space
c r a f t  a t  frequencies above t h e  normal MAF by anomalous propagakion, w e  
exa,mined a number of spec i f ic  per iods of communication with "Vostokr' space
cra,fts  a t  frequencies above normal MAF. The path of t h e  'beam w a s  computed 
which f a l l s  from t h e  spacecra,ft onto t h e  ionosphere at t h e  m a x i m u m  possible  
angle &=, t ak ing  i n t o  considerat ion t h e  ionospheric gradients  a.t t he  
poin ts  where t h e  b e a m  i s  re f lec ted .  The following values were calculated:  
d i s tance  of each bounce e = 2(90 - cq); angle of incl inat ion" at r e f l e c t i o n  
po in t s  01; minimum a l t i t u d e  b i n  f o r  each bounce a t  which the  beam approaches 
t h e  Earth; and MAF at each poin t  of r e f l e c t i o n  with due allowance f o r  t h e  
ionospheric gradient .  I n  t h e  cases  when, at t h e  r e f l e c t i o n  point  c loses t  
t o  t h e  receiving s t a t ion ,  t h e r e  w a s  an ionospheric gradient  which w a s  
adequake t o  give t h e  beam a d i r e c t i o n  favorable  f o r  transmission t o  Earth, 
w e  could explain communication a t  a frequency g rea t e r  than MAJ?. Figure 3 
i l l u s t r a t e s  diagramma,tically t h e  'bea,m path for one of t h e  moments of com
munication with t h e  lrVostok-5" spacecraft  a,t f = 20 Me w i t h  a normal MAF 
of 14.5 Me. 

Besides t h e  signa.1 propagation pa th  i n  question, an essentia.1 r o l e  
i n  communication with spacecrafts i s  played by t ra , je c t o r i e s  which include 
r e f l ec t ion  from t h e  E, l aye r  (Figure lb ,  l e ) .  Of t h e  poss ib le  pa,ths of 
non-normal propagation shown i n  Figure 1, t h i s  a r t i c l e  w i l l  consider t h e  
p o s s i b i l i t y  of fo rcas t ing  only two - r e f l e c t i o n  from E, and a. rebound 
t r a j e c t o r y  from a gradient .  

For t h e  f l i g h t  of t h e  "Vostok-5" spacecraf tH,  a survey of t l  - periods
* 

The slope angle was determined by methods presented i n  (Ref. 6) from 
a l t i t u d e  cha r t s  of equal  e l ec t ron  concentrations,  compiled by 
To A. Anufriyeva under t h e  d i r ec t ion  of B. S. Shapiro. 

+s+
I n  t h i s  f l i g h t  the  p o s s i b i l i t y  of communicating 'by normal r e f l e c t i o n  
from t h e  F2 l a y e r  w a s  very s l i g h t  - on t h e  order of several percents .  
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F i m r e  3 

( i n  t h e  f irst  17 revolut ions)  when communication could be ef fec tua ted  wa.s 
compiled: (1)'by r e f l e c t i o n  from E, i n  t h e  f irst  one o r  two bounces, wit,h 
f 'urther r e f l e c t i o n  from t h e  F2 layer ,  and (2)  'by t h e  sur face  gradients  of 
equal e l ec t ron  concentrations.  The survey o f  communication by E, was com
p i l e d  by choosing t h e  per iods when l?2-4000-MAF, i n  t h e  v i c i n i t y  of t h e  /224 
spacecraf t  and a t  a d is tance  of 4000 km ( o r  6000 k m  i n  t h e  two-bounce 
r e f l e c t i o n  from E,) from the  rece iv ing  s t a t ion ,  was more than 20 Me. It 
f e l l  'below 20 Me only a t  a. d i s tance  of 2000 k m  ( o r  4000 km) .  

Average cha r t s  of t h e  p robab i l i t y  t h a t  a frequency of  20 Me would 
be r e f l ec t ed  were compiled f o r  swmnertime t o  determine t h e  p o s s i b i l i t y  of  
r e f l e c t i o n  from E,. Since t h e  E, l ayer  i s  very i r r e g u l a r l y  d i s t r i b u t e d  
both  i n  t i m e  and space, it w a s  impossible by means of hourly observations 
performed by a l imi ted  number of ionospheric s t a t i o n s  t o  produce a p ic 
tu re  of E, d i s t r i b u t i o n  a t  t h e  moment t h e  spacecraf t  passed ovcr. There
fore ,  average cha r t s  were u t i l i z e d .  It was assumed t h a t ,  t o  propagate via 
E, i n  one bounce, t h e  r e f l e c t i o n  p robab i l i t y  a t  t h e  poin t  of r e f l e c t i o n  
from t h e  E, l aye r  (1000 lan from t h e  receiving s t a t i o n )  would ha.vc t o  bc 
more than 50%. For r e f l e c t i o n  i n  two bounces, t h e  p robab i l i t y  a t  each of 
t h e  two poin ts  of r e f l e c t i o n  would have t o  be more than 70%. During t h e  
computations it w a s  noted t h a t  during dayl ight  hours t h e  p robab i l i t y  of 
r e f l e c t i o n  from Es i n  t h e  v i c i n i t y  of the  receiving s t a t i o n  often reaches 
90%. Therefore, f o r  each revolut ion a t i m e  was determined ( i n  minutes) 
when communication by E, w a s  probable; then from a c t u a l  f ind ings  on signa.1 
recept ion from t h e  "SiLpal"  t ransmi t te r ,  it w a s  dctermined during how many 
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Figure 4 

minutes of t h i s  period communication ac tua l ly  w a s  es tabl ished.  
period under inves t iga t ion ,  communication v i a  E, w a s  expected f o r  4 hours 

I n  t h e  

i n  a l l .  I n  a c t u a l  f ac t ,  communication w a s  e f fec tua ted  f o r  somewhat more 
than 3 hours i n  these  periods.  Thus, t he  average percentage of cases i n  
which t h e  pred ic t ion  of communication v i a  E, w a s  f i l f i l l e d  w a s  77% - i . e . ,  
it w a s  r a t h e r  high. 

Propagation by gradients  w a s  surveyed as follows. 

To determine t h e  most favorable moments f o r  t he  ionospheric gradients  
t o  assist i n  communications between a space object  and Earth, we used a l t i 
tude cha r t s  of equal e l ec t ron  concentrations.  It w a s  assumed t h a t  t h e  var i 
om e lec t ron  concentration l eve l s  had t h e  same gradient.  The chart  i n  
Figure 4 gives r e f l e c t i o n  a l t i t u d e s  i n  s o l i d  i s o l i n e s  f o r  3 Me and broken-
dot ted ones f o r  5 Me. By means of such char t s  it can 'be seen t h a t ,  f o r  
example, for a receiving s t a t i o n  a t  cp = 55' a t  about 6 hours, l o c a l  time, 

/225 


t h e  regions of favorable  grad ien ts  a r e  within t h e  azimuths A = 180 - 330'. 
On t h e  o ther  hand, between t h e  azimuths A = 15 - 150' t h e  gradients  have the  
opposite sign. 

A t  18 hours, l o c a l  t i m e ,  however, t he  most favorable conditions a r e  
created f o r  recept ion on Earth of waves t r ave l ing  over rebound t r a j e c t o r i e s  
from t h e  northeast  and eas t .  Depending on what gradient  i n  the  neighbor
hood of t h e  receiving s t a t i o n  i s  su f f i c i en t  t o  r e tu rn  a beam t r ave l ing  a 
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Figure 5 

rebound t r a j e c t o r y  t o  Earth, w e  der ive  several d i f f e r e n t  t i m e  i n t e r v a l s  
during which t h e  gradients  can ensure communications. It is, moreover, 
necessary t o  t ake  t h e  f a c t  i n t o  considerat ion t h a t ,  when t h e r e  i s  a, 
gradua.1 gradient  i n  t h e  r e f l e c t i n g  surface along t h e  route ,  t h e  beam w i l l  
gradual ly  approach Earth a , f ter  each r e f l ec t ion .  It would, therefore ,  'be 
necessary t o  allow f o r  the  gradient not only near  t h e  recept ion point ,  
but a l s o  along t h e  e i i t i re  route.  I n  t h i s  connection, a fo rcas t  of t h e  
per iods of probable communication by means of grad ien ts  was compiled f o r  
var ious angles a near t h e  receiving s t a t i o n  (from a >, 1' t o  a 2 bo), as 
w e l l  as f o r  t h e  t o t a l  angle along the  e n t i r e  route  a 2 4' ( the  bounces 
are t e n t a t i v e l y  assumed t o  be 2000 km). The e f f e c t  of t h e  grad ien ts  on 
space communication conditions i s  ind ica ted  by t h e  increase i n  communica
t i o n  p robab i l i t y  as t h e  gradient  angle near t h e  recept ion point  grows 
l a rge r .  The communication conditions as a funct ion of t h e  angle of t h e  
gradient  a r e  : 

Angle of gradient  a, degrees . . . . . 21 >, 2 2 3 >, 4 
Performa,nce of Communication,% of t i m e  47 53 68 89 

Figure 5 gives  t h e  t o t a l  t i m e  of expected communication by E, and by 
gradien ts  ( s o l i d  l i n e )  fo r  each spacecraf t  o r b i t .  The broken l i n e  shows the  
durat ion of communica,tions during t h e  pred ic ted  period. I n  ths computa
t i o n s  whose r e s u l t s  are presented i n  Figure 5, it was assumed t h a t  t h e  
r e q u i s i t e  gradient  w a s  a > 3'. It can b e  seen from t h e  f i g u r e  t h a t  t h e r e  
i s  sa t i s f ac to ry  agreement between t h e  predicted per iods of propagation by /226 
E, and by gradients ,  and 'between t h e  a c t u a l  transmission i n  these  per iods.  
The frequencies which can be t ransmi t ted  by t h e  above methods can exceed 
t h e  normal MAP by an average of 10-20$ ( i n  i so l a t ed  ca.ses, by far more -
up t o  50%). Hence, 'by tak ing  i n t o  considerat ion t h e  r e f l e c t i o n s  from E, 
i n  t h e  region neares t  t he  recept ion point  arid the poss ib le  propagation 
over a, rebound t r a j e c t o r y  with transmission t o  t h e  Earth by gradients ,  we 
may considerably raise t h e  upper l i m i t  of t h e  band of shortwave r ad io  com
munication with spacecraf ts  which a r e  below t h e  peak of t h e  F3, l ayer .  
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Figure 6 

A s  ha,s a,lreaci;F been pointed out, t h e  experimental data, examined i n  
t h e  present  r epor t  p e r t a i n  t o  communications with spacecraft  s below t h e  
maximum of t h e  F2 l ayer .  No less complex signal t r a j e c t o r i e s  ma,y occur 
i n  communications with spacecra.fts whose o r b i t s  l i e  above t h e  maximum 
of t h e  F2 l aye r  (Ref .  7-10). Figure 6 gives  examples of var ious t r a j e c 
t o r i e s  of t h i s  kind. I n  t h i s  ca,se t h e  normal d i s t r i b u t i o n  may be regarded 
as t r a j e c t o r i e s  a t  t h e  opera,tive frequency exceeding t h e  F2-MAF near t h e  
spacecraft  , but r e f l e c t e d  from t h e  ionosphere a t  t h e  following poin ts  -

(Fig.  6a). It i s  obvious t h a t ,  j u s t  a.s i n  t h e  case 
MAF,2 and MAF3 >o f  o r b i t s  1icneath he maximum of the  F2 layer ,  t h i s  propagation pa.th i s  
not unique. I n  addi t ion  t o  t r a J e c t o r i e s  which ta,ke E, and other  regular  
layers  i n t o  consideration, an cssent ia , l  r o l e  may be played i n  propa.ga.tion 
betwccn the  E a r t h  and t h e  ionosphere by propagation along nonuniformities 
extending over t h e  f i e l d  (Figure 6b), by t h e  occurrence of rebound t r a j e c 
t o r i e s  (Figure Gc),  and also by s c a t t e r i n g  by t h e  Ea,rth o r  t h e  ionosphere. 
If w e  examine i n  d e t a i l  a l l  poss ib le  pa ths  of propagation when t h e  space
cra.ft i s  a.bove t h e  m a x i m u m  of t h e  F2 l ayer ,  w e  m a y  obviously s e l e c t  f r e 
quencies which enable us a l s o  t o  obtain a s a t i s f a c t o r y  percentage of 
communicakion t i m e  f o r  t hese  cases.  

This study of t h e  fea tures  of shortwave communica,tion w i t h  space-
c r a f t s  shows t h a t ,  when a spacecraf t  is beneath t h e  m a x i m u m  of t h e  F2 
la.yer, higher-frequency wa.ves may be propagaked i n  addi t ion  t o  r ad io  
waves r e f l ec t ed  from t h e  F2 l aye r  i n  the  ordinary way by o ther  propaga.
t i o n  routes .  An e s s e n t i a l  r o l e  i n  t h e  propa.gation of frequencies above /227 
t h e  normal MAF i s  played by sporadic ion iza t ion  i n  t h e  E layer ,  a s  w e l l  
as by hor izonta l  ioniza,t ion gradien ts  ( r e s u l t i n g  i n  e f f ec t ive  grad ien ts  
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of surfaces of equal e lec t ron  concentration i n  t h e  ionosphere). The 
f irst  experiments i n  forcas t ing  these  e f f e c t s  may be regarded as satis
factory,  espec ia l ly  if  w e  consider t h a t  our knowledge of ion iza t ion  d i s t r ibu 
t i o n  i n  t h e  ionosphere, and of t h e  day-to-day and hour-by-hour changes i n  t h i s  
d i s t r ibu t ion ,  i s  s t i l l  by no means sa t i s f ac to ry .  Thus, these  experi
mental da ta  on shortwave rad io  communication i n  space point  out t h e  
need t o  make allowances f o r  every s o r t  of anomalous phenomenon i n  t h e  
ionosphere when w e  compute rad io  communication frequencies, and t h e  
need f o r  f u r t h e r  study of t h e  p e c u l i a r i t i e s  of ion iza t ion  d i s t r i b u t i o n  
i n  t h e  upper ionosphere, i t s  gradients,  various types of sporadic layers  
and. .nonuniformities, and t h e i r  influence on shortwa,ve radio comunication. 
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RADIOWAVE 	 PROPAGATION I N  1NTERF'LA"ARY 
AND CIRCUMSOLAR SPACE 

M. A. Kolosov, 0. I. Yakovlev, A. I. Yefimov 

D a t a  a r e  presented on radiowave propagation at a 183.6 Mc frequency, 
emitted by "Mars-1" and received a t  dis tances  of up t o  50 mill ion lun on 
t h e  surface of t h e  Earth. Radiowave propa,gation at a dis tance on t h e  
order of 300 mil l ion  km i s  a l so  analyzed, on t h e  bas i s  of t he  da t a  obtained 
by t racking rad io  emission of t h e  Taurus-A source. 

The assumption i s  advanced t h a t  when monochromatic radiowaves a re  
propagated a t  such la rge  d is tances  t h e i r  spectrum can change. 

1. 	 Maximum Possible Values of Monochromatic Radiowave 
Attenuation i n  Interplanetary Space 

Regular measurements of t h e  s igna l  l e v e l  from "Mars-1" were used t o  
study t h e  dependence of t h e  energy stream of  radiowaves received upon 
dis tance.  

The study (Ref. 1) gives t h e  corresponding dependence, where it  i s  
a t t r i bu ted  t o  values obtained from t h e  l a w  of f r e e  ra,diowave propagation. 
The da ta  obtained i n  (Ref. 1)make it possible  t o  estimate t h e  maximum 
possible  a t tenuat ion  of monochromatic radiowaves of 183.6 Me frequency 
during propaga,tion i n  in te rp lane tary  space. This value i s  4 & 2 db a t  /228
50 mi l l ion  km. 

The study (Ref. 2) presents  da t a  on t h e  received s igna l  l e v e l  f ron  
"Pioneer-5", where it i s  pointed out t h a t  t he re  was no s ign i f i can t  devia
t i o n  from t h e  law of f r e e  ra.diowa.ve propagation during observations of 
s ignals  with a frequency of 378 Me a t  dis tances  up t o  43 mi l l ion  km. It 
should be noted t h a t  experimental data given i n  (Ref. 2) have a large 
sca t t e r .  Therefore, they do not indicate  the  absence of radiowave at tenu
a t ion ,  and only make it possible  t o  determine t h e  grea tes t  possible  
attenua,tion which may be concealed i n  the  experimental da t a  sca t t e r .  Pro
cessing of t hese  experimental da ta  shows t h a t  a t tenuat ion  of radiowaves 
with a frequency of 378 Mc i s  no grea te r  than 2-3 db a t  43 mi l l ion  km. 

Results are presented i n  (Ref. 3) which were derived from repeatedly 
determining t h e  e f f e c t i v e  sca t t e r ing  diameter of radiowaves having a 
frequency of TOO Me f o r  Venus, and t h e  measured values of t h e  e f f ec t ive  
sca t t e r ing  diameter ranged between 12-18%. When these  measurements were 
performed, t h e  dis tance changed from 40 t o  65 mil l ion km. Thus, during 
rad io  loca t ion  of Venus t h e  t o t a l  change i n  t h e  radiowave propagation 
path comprised 50 mi l l ion  km. The maximum at tenuat ion,  which could be  
concealed i n  t h e  e f f ec t ive  diameter measurement e r ro r s ,  could Lot exceed 
1.6 db a t  50 mi l l ion  km i n  these  experiments. 
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2. 	 Attenuation of Radiowaves With a White Spectrum 
i n  Circumsolas Space 

One e f f e c t i v e  method of studying circwnsolar space i s  i t s  t r ans -
i l luminat ion by r ad io  emission from t h e  source Taurus-A. Since Taurus 
i s  p r a c t i c a l l y  located i n  t h e  e c l i p t i c  plane, t rans i l lumina t ion  of 
circumsolar space a t  d i f f e r e n t  angles Y! occurs during t h e  annualmove
ment of t h e  Earth around t h e  Sun (Figure 1). 

If t h e  Taurus-A source i s  radiated on an interferometer,  t h e r e  i s  
a, decrease i n  t h e  signal s t rength  a t  t h e  interferometer  output f o r  s m a l l  
angles Y. This phenomenon has been in t e rp re t ed  as t h e  r e s u l t  of radio-
wave sca t t e r ing  by nonuniformities i n  t h e  e lec t ron  concentration of c i r 
cumsolar space, whichleads t o  an increase i n  t h e  source angular dimensions. 
Circumsolar space has been studied by meazis of interferometers  s ince 1951, 
and t h e  r e s u l t s  of t hese  experiments a re  given i n  (Ref. 4-6). In te r fe ro
meter observations have shown t h a t  i n  t h e  X = 8 m range t h e  increase i n  
t h e  source angular dimensions amounts t o  5=8’fo r  I) = 5”. This qua&ity depends 
on solar a c t i v i t y ,  and i t s  m a x i m u m  can reach 5 = 18’ (Ref. 6). Studies 
performed at d i f f e r e n t  wave lengths of a meter range show t h a t  t h e  
quant i ty  5 i s  proport ional  t o  t h e  square of t h e  wavelength. These s tud ie s  
have a l s o  made it poss ib le  t o  es t imate  t h e  sca l e  of t h e  nonuniformities 
and to re f ine  our cmcepts  of t h e  s o l a r  supercorona (Ref. 7) .  

9/15 

to 
Earth B 

3/15 
Figure 1 

Diagram of �kperiment on Transillumina,tion of t h e  
In te rp lane tary  Medium by Radio h i s s i o n  from t h e  T a m s - A  Source 

Nonuniformities i n  t h e  i n t e r p l m e t a r y  medium can a l s o  influence 
radiowave propagation (Ref. 8).  It i s  of i n t e r e s t  t o  study t h e  condi
t i o n s  under which radiowaves a r e  propagated i n  in te rp lane tary  and 
c l r c m s o l a r  space, by observing rad io  emission from t h e  Taurus-A source. 
In order t h a t  t h e  changes i n  t h e  source angular dimensions do not i n f lu - /229 
ence t h e  measurement r e s u l t s ,  it i s  necessary t h a t  t h e  width of t h e  
antenna d i r e c t i o n a l  diagram cp i s  much grea te r  than t h e  quant i ty  5. A t  
t h e  same time, t h e  antenna must have a s u f f i c i e n t l y  narrow d i r e c t i o n a l  
diagram, i n  order t o  exclude t h e  influence of s o l a r  rad io  emission for 
s m a l l  angles Y. 
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Figure 2 

Energy Flux of Radiowaves Emitted by t h e  
Taurus-A Source f o r  Different  Y Angles 

W e  performed measurements of t h e  rad io  emission from t h e  Taurus-A 
source a t  a frequency of 184Mc from March t o  December, 1964. The 
width of t h e  antenna d i r e c t i o n a l  diagram w a s  such thak measurements 
were poss ib le  f o r  Y 2 5', and t h e  condition cp >> 5 w a s  f u l f i l l e d  very 
w e l l .  I n  order  t o  increase  t h e  measurement accuracy, we determined t h e  
r a t i o  of t h e  antenna temperature, caused by emission from t h e  Taurus-A 
source (TT), t o  t h e  antenna temperature charac te r iz ing  emission from 
Cassiopeia (TC).  The t i m e  of day when t h e  measurements were performed 
w a s  se lec ted  so t h a t  t h e  angles of e leva t ion  of t h e  Taurus-A source and 
of Cassiopeia were more than  35", and d i f f e red  very l i t t l e  from each 
o ther .  One measurement cycle, corresponding t o  a f ixed  angle Y ,  
included no less than  6 measurements of TT/Tc. A t  t he  angle Y < l3", 
t h e r e  w a s  an add i t iona l  antenna temperature increase,  which w a s  caused 
by rad io  emission from t h e  Sun. I n  t h i s  connection, t h e  inf luence of 
solar emission on t h e  r e s u l t s  derived from measuring -q w a s  c a re fu l ly  
studied. The method employed made it possible  t b  exclude v a r i a b i l i t y  i n  
antenna amplif icat ion,  as w e l l  as t h e  influence of a,bsorption i n  t h e  
Earth 's  atmosphere; it a l s o  made it possible  t o  decrease considerably 
t h e  inf luence of so1a.r radio emission on t h e  r e s u l t s  derived from de te r 
mining radiowave attenua,t ion i n  cosmic spsce. The maximum e r r o r  
en ta i l ed  i n  determining 'q during one measurement period w a s  no more tha,n 
f 4% i n  t h e  case of Y > l b o ;  t h e  e r r o r s  comprised 7 6% f o r  6'<'?<14'. 

Figure 2 presents  t h e  measurement r e s u l t s .  The r e l a t i v e  values f o r  
t h e  energy f l u x  of radiowaves rad ia ted  by the  Ta.urus-A source are p lo t t ed  
along t h e  v e r t i c a l  l i ne ;  t h e  values of t h e  angle Y( a r e  p lo t t ed  along t h e  
ho r i zon ta l  l i n e .  It fol lows from Figure 2 t h a t  t h e r e  i s  no a t t enua t ion  
of t h e  radiowave energy flux within t h e  l i m i t s  of e r r o r  when t h e  angle
Y changes from 180" t o  10'. I n  t h e  case of Y = lo", radiowaves emitted 
by t h e  T a u r u s - A  source t r a v e r s e  a path on t h e  order of 300 mil l ion  km i n  
t h e  in t e rp l ane ta ry  medium ly ing  within t h e  E a r t h ' s  o rb i t .  The sma,llest 
d i s tance  from t h e  radiowave t r a j e c t o r y  t o  t h e  Sun i s  thus  about 25 mi l l i on  
km. When t h e  angle  'i' decreases t o  5", t he re  i s  a s m a l l  16% decrease i n  
t h e  radiowave energy f lux  (maximum e r r o r  5 8%) .  
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kt us compare t h e  ex i s t ing  experimental d a t a  with t h e  r e s u l t s  
derived from our measurements. The energy f l u x  a t tenuat ion  i s  de te r 
mined 'by t h e  expression 

I ,  

's- =1 s,,csp  [- \ y d l ]  ; 
1) 

The quant i ty  Y depends on dis tance Rbetween t h e  Sun and a l i n e  fw
element d l .  Let us assume t h a t  t h i s  dependence can be approximated 

by t h e  l a w  y = aRmn, where a depends on t h e  wzvelength, and it i s  
determined by t h e  mechanism of radiowave at tenuat ion.  If we s e t  n = 2, 
then our experimental da ta  can be c lose ly  approximated by a funct ion of 
t h e  following type 

which i s  obtained by in tegra t ing  (1) f o r  n = 2. Here a i s  the  astronomi
c a l  u n i t .  Formula (2) can be used to compare t h e  measurement r e s u l t s  
derived by d i f f e r e n t  authors f o r  d i f f e r e n t  angles Y. It follows from t h e  
data  obtained t h a t  a = 0.7 mi l l ion  km f o r  h = 1.6 m. Let us determine 
the  parameter a according to da ta  i n  t h e  l i t e r a t u r e  (Ref .  9-13). The 
t a b l e  below presents  t h e  r e s u l t s  derived from observing t h e  energy f l u x  
a t tenuat ion  of radiowaves as wel l  a s  t h e  values f o r  t h e  parameter a ca l 
culated according t o  these  r e s u l t s .  

--

Wavelength, m Attenuation, % Angle Y a, mi l l ion  km Source 
. .  . -

11 29 5" 0.75 (Ref. 12) 

3.5 reaches 30 2.3 reaches 0.7 (Ref. 10) 

1.6 16k18 5 0.7 This a r t i c l e  

0.25 19 1 - 5  0.25 (Ref. 11) 

0.21 none 1-05 -- (Ref- 9) 
0.18 11 

1 - 5  -- (Ref. 13) 
0.10 11 1.5 -- (Ref. 11) 

It i s  d i f f i c u l t  to determine radiowave a t tenuat ion  f o r  ?y = 2-5", due 
t o  t h e  influence of so l a r  r ad ia t ion - We must a l s o  keep t h e  f a c t  i n  mind 
t h a t  t h e  measurement r e s u l t s  presented i n  t h e  t a b l e  were obtained i n  d i f 
f e ren t  years during d i f f e r e n t  so l a r  a c t i v i t y .  It follows from the  t a b l e  
t h a t  t h e  radiowave at tenuat ion i n  t h e  meter range does not exceed 30% i n  
t h e  case of Y! = 5"; t he re  i s  no measureable a t tenuat ion of t h e  radiowave 
energy f l u x  i n  t h e  decimeter range (in t h e  case of Y' ;= 1.5" t h e  at tenuat ion 

d 
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i s  less than 5 % ) .  The frequency dependence of t h e  parameter a can provide 
information on t h e  mechanism of radiowave a t tenuat ion  in circumsolar space, 
but at  t h e  present t i m e  t he re  a r e  in su f f i c i en t  da ta  with which t o  determine 
t h e  frequency dependence a(f) .  

3. 	 Influence of the  In te rp lane tary  
Medium on Radiowave Propagation 

A so l a r  a c t i v i t y  change must lead t o  an intense change i n  t h e  prop
e r t i e s  of t h e  in te rp lane tary  medium. 

Observations on rad io  emission f r o m  t h e  Taurus-A source (Ref.
14-16) have shown t h a t  t he re  are i r r egu la r  changes i n  t h e  s igna l  inten
s i t y .  Both a sudden decrease, and a long, stable increase i n  t h e  
received s igna l  l e v e l  have been observed. Naturally, these  f a c t s  can 
be explained by radiowave r e f r ac t ion  - by t h e  influence of e lec t ron  
concentration nonuniformities. However, t h e  p o s s i b i l i t y  i s  not 
excluded o f  a t tenuat ion  or i n t ens i f i ca t ion  of t h e  received radiowave 
i n t e n s i t i e s ,  which a r e  r e l a t ed  t o  t h e  influence of t h e  i r r egu la r  
motion of plasma bunches. This can lead t o  multiple-wave propagation 
of radiowaves, and consequently t o  interference fa,dings during radio-
wave propagation i n  t h e  in te rp lane tary  medium. The study (Ref. 17) 
indicated t h a t  these  fadings were apparently observed when s igna ls  were 
received from "Pioneer-5 ' I .  

An ana lys i s  of s igna ls  having t h e  frequency 183.6 Mc from "Mars-1" /231 
showed t h a t  t he re  were no regular  fadings, which can be  r ead i ly  explained 
by the  s a t e l l i t e  ro ta t ion .  Fadings a re  i r r egu la r  i n  nature,  which makes 
it d i f f i c u l t  t o  explain them e n t i r e l y  b y  t h e  influence of ionosphere non
uniformities o r  by random ro ta t ions  of t h e  polarizakion plane due t o  t h e  
Fasaday e f f ec t .  The study (Ref. 18) presented da ta  on s igna l  recept ion 
a t  a frequency of 183.6 Me from a dis tance on t h e  order of 0.2 mi l l ion  
km. Regular fa,dings were observed, which can 'be r ead i ly  explained by 
t h e  s a t e l l i t e  ro ta t ion .  

Thus, it must 'be assumed t h a t  t h e  occurrence of addi t iona l  fadings 
caused by t h e  interpla,netary medium i s  possible  during t h e  propagation 
of monochromatic radiowaves of a meter range at a dis tance on t h e  order 
of t e n s  of mi l l ions  km. 

Data a re  presented i n  (Ref. 1)which ind ica te  a cor re la t ion  between 
t h e  l e v e l  of t he  s igna l  received from "Mars-1 and so la r  a c t i v i t y .  

It should be noted t h a t  t he re  a re  experimental da t a  a t  t h e  present 
time (Ref. 19) ind ica t ing  t h a t  t h e  dis tance t o  Venus, measured by t h e  
radio loca t ion  method, i s  correlated with solar a c t i v i t y .  

The s igna l  spectrum must widen when radiowaves a r e  propagated i n  a 
moving heterogeneous medium. During t h e  locat ion of Venus (Ref. 20) a t  
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a 440 Me frequency, it was found t h a t  t h e  r e f l ec t ed  s igna l  spectrum 
changed with time i r r egu la r ly .  This -:j-,angeamounted t o  0.5 cps, i.e., 
t h e  r e l a t i v e  s p e c t r a l  l i n e  width w a s  apparently caused by t h e  i n t e r 
planetary medium and was on t h e  order of A f / f  = lo-’ at t h i s  frequency. 

4. 	 Possible Mechanism of Monochromatic 
Radiowave Attenuation 

It can now be s t ipu la t ed  t h a t  t h e  in te rp lane tary  plasma moves at a 
veloc i ty  of about 500 km-sec-’ at a d is tance  of - 150 mi l l ion  km from 
the  Sun. The e lec t ron  concentration a t  these  dis tances  i s  on t h e  order 
of 10 These quan t i t i e s  have values of 30 km-sec-l and lo3 em-”, 
respect ively,  ir, circumsolar space at a dis tance of 20 mi l l ion  km from 
t h e  Sun (Ref. 21-24). Interferometer measurements have shown t h a t  t h e  
circumsolar plasma i s  nonuniform, and t h a t  t h e  nonuniformities have a 
wide spectrum from severa l  t ens  up t o  seve ra l  thousands of kilometers. 
Thus, t h e  in te rp lane tary  and circumsolar media represent a nonuniform 
rapidly-moving plasma. 

The spectrum of monochromatic radiowaves passing through a mwing 
nonuniform plasma w i l l  change. This change can be caused by t h e  follow
ing r e l a t ed  mechanisms: Scat ter ing ‘by moving nonuniformities with a 
Doppler s h i f t  of t h e  sca t te red  radiowaves, s ca t t e r ing  by plasma waves, 
and a l s o  random phase modulation of radiowaves passing through a nonuni
form medium. These mechanisms a re  apparently re la ted ,  and e x i s t  simul
taneously. One possible  mechanism f o r  t h e  spectrum change, caused by 
random modulation of t h e  monochromatic radiowave phase w i l l  be inves t i 
gated here. 

During t h e  propagation of radiowaves i n  a s t a t i s t i c a l l y  nonuniform 
medium, t h e  mean square of t h e  phase f luc tua t ion  AS2 i s  determined 
(Ref. 25) by t h e  following type of  expression 

Here An“ i s  t h e  mean square of t h e  r e f r ac t ive  index f luc tua t ion ;  K=2n/A -
t h e  wave number; L - t h e  path length; b - t h e  nonuniformity scale .  It 
i s  assumed t h a t  t h e  cor re la t ion  f’unction of t h e  r e f r ac t ive  index f luc 
tua t ion  i s  i so t ropic  N ( p )  =I exp(-p/’b)”. If it i s  a l so  assumed t h a t  t h e  
nonuniformities a re  “frozen”, and t h e i r  motion i s  caused only by solar /232 
wind, then t h e  temporal cor re la t ion  funct ion of t h e  radiowave phase 
f luc tua t ion  is ,  according t o  (Ref. 25), 

< , ) ( T )  = (%si; (T/ jL)” .c? j ,  (4),;

wnere V i s  t h e  t ransverse ve loc i ty  component of t h e  so l a r  wind. The mea,n 
quadratic value of t he  phase f luc tua t ion  and i t s  temporal cor re la t ion  
funct ion determines t h e  energy spectrum F ( W  - Wo) of a radiowave passing 
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through a movkg, nonuniform plasma (Ref. 26). The following expression 
f o r  t h e  energy spectrum of  t h e  phase f luc tua t ion  follows from (4 ) :  

Let us replace t h e  phase f luc tua t ion  spectrum obtained (5) by a uniform 
spectrum equivalent t o  t h e  given spictrum i n  mean s t rength .  The 
equivalent band of such a spectrum i s  

The energy spectrum width of radiowaves randomly modulated by phase i s  
given by t h e  expression (Ref. 26): 

--
We should note t h a t  (7)i s  v a l i d  f o r  dAS2 >> 1-U t i l i z i n g  t h e  expressions 
f o r  t h e  mean square of t h e  phase f luc tua t ion  i n  a nonuniform medium (3),
(6), and (7),we can obta in  an approximate formula f o r  ca l cu la t ing  t h e  
spectrum width of radiowaves passing through a moving, nonuniform plasma,: 

AF % 97,d -
-
V A N  :/$

' 

c r 

Here AN i s  t h e  e l ec t ron  concentration f luc tua t ion  i n  m-3; f - radiowave 
frequency i n  cps and AF i n  cps. Let us estimate t h e  poss ib le  width of 
t h e  s ectrum AF. If we s e t  f = 180 Me, L = 50 mil l ion  km, V = 500 km 
-see-', AN = 10 emm3, then  i n  t h e  case of b = 1000 km AF w 2 cps, and i n  
t h e  case of b = 10 k m  AF M 20 cps. 

When t h e  width of t h e  rece iver  band Af i s  s i g n i f i c a n t l y  narrower 
than t h e  frequency d i f fus ion  AF, apparent aEfenuation of monochromatic 
radiowaves will be observed, although t h e  t o t a l  energy f l u x  of t h e  ra,dio
waves w i l l  not decrea,s?. I n  t h e  case of A f r e  < AF, t h e  apparent radio-
wave a,ttenuation K, caused by expansion of t h e  s igna l  spectrum, w i l l  be 

Thus, f o r  tenable  values of t h e  in te rp lane tary  medium parameters, 
a t tenuat ion  of monochromatic radiowaves of a meter range i s  possible,  
caused by a change i n  t h e  s i g n a l  spectrum. We must keep t h e  f a c t  i n  
mind t h a t  t h e  existence of plasma waves i s  poss ib le  i n  t h e  in te rp lane
tary and circumsolar plasma. The s c a t t e r i n g  of radiowaves by plasma 
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waves must a l so  lead t o  a s ign i f i can t  change i n  t h e  radiowave spectrum 
(Ref. 27), p a r t i c u l a r l y  t o  side components i n  t h e  spectrum which are 
removed from t h e  c a r r i e r  by t h e  plasma frequency magnitude. I n  t h e  
general  case, bo th  d i f fus ion  of t h e  main frequency, and t h e  appearance 
of s ide  components must be observed i n  t h e  energy spectrum of t h e  radfo
waves. During t h e  propagation of monochromatic radiowaves i n  circum
solar  space, w e  must expect grea te r  a t tenuat ion  of meter radiowaves at 
t h e  frequency f ,  s ince  t h e  e lec t ron  concentration f luc tua t ion  can amount 
t o  103cm-3. Radiolocation of Ve.nus was r ecen t ly  ca r r i ed  out i n  t h e  
X = 6 m (Ref. 28) and h = 7.8 m (Ref. 29) ranges. During radiolocat ion 

/233 
of Venus i n  t h e  meter wave range, approximately t h e  same values were 
obtained f o r  t h e  e f f ec t ive  sca t t e r ing  diameter as i n  t h e  decimeter 
range (Ref. 30). This ind ica tes  t h a t  t he re  i s  no at tenuat ion of t h e  
radiowave energy flux. Since in tegra t ion  over t h e  frequency spectrum 
w a s  performed during loca t ion  of Venus i n  t h e  meter range, these  
experiments cannot i nd ica t e  e i t h e r  t h e  presence o r  t h e  absence of 
a t tenuat ion of radiowaves received by a narrow-band rece iver  at t h e  
frequency f .  
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THE PASSAGE OF ELECTROMAGNETIC WAVES �LAVING 
SUPERLOW FRFQUENCY (SLF) THROUGH IONOSPHERE PLASMA 

(Summary) 

V. I. Aksenov 

1. This  study obtains  a r lgorous so lu t ion  of t h e  problem regarding 
f la t ,  SLF electromagnetic waves passing through t h e  p l ane - s t r a t i f i ed ,  
magnetically a c t i v e  ionosphere plasma i n  t h e  case of longi tudina l  propa
gation (angle between t h e  wave normal vec tor  and d i r ec t ion  of t h e  outer  
magnetic f i e l d  i s  zero; magnetic f i e l d  i s  perpendicular t o  t h e  layers ) .  

On t h e  bas i s  of t h e  so lu t ion  found, formulas are  obtained t o  de te r 
mine t h e  r e f l e c t i o n  and penet ra t ion  f a c t o r s  of two cha rac t e r i s t i c  waves 
- ordinary and extraordinary.  k3.i 

2. The formulas obtained are used t o  compute t h e  r e f l e c t i o n  and 
penetrat ion f a c t o r s  i n  t h e  1.5-100kc frequency range f o r  d iu rna l  and 
nocturnal ionosphere models. The concentration and e f f ec t ive  number 
of e lec t ron  c o l l i s i o n  dependences, which were used t o  perform t h e  compu
t a t ions ,  are s i m i l a r  t o  those known i n  t h e  l i t e r a t u r e  ( R e f .  1 -3) .  

These computations e s t a b l i s h  the  f a c t  tha,t a.n ordinary wave barely 
penetrakes t h e  ionosphere i n  t h e  frequency range under consideration. 
The figure below presents  t he  resul ts  derived from computing t h e  depen
dence of t h e  pene t ra t ion  f a c t o r  on frequency f o r  an  extraordinary wave. 
The penet ra t ion  f a c t o r  values  (which represents  t h e  r a t i o  of t he  mean 
[ in  t i m e ]  energy f l u x  f o r  a passing wave t o  t h e  corresponding f l u x  f o r  a 
wave penet ra t ing  t h e  ionosphere) were ca lcu la ted  f o r  t h e  d iu rna l  iono
sphere model a t  an  a l t i t u d e  of 100 km, and f o r  t h e  nocturnal  model a t  an 
s l t i t u d e  of 200 km.  

1 !5Z j 5 Z S / U / j N 3 0  j J  7j1RU
f,kc 

Dependence of Penetration Factor  on Frequency f o r  
Diurnal  (Dd, curve 1) and Nocturnal (Dn, Curve 3) 

Ionosphere Models 
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3. A s  can be seen from t h e  f igure ,  t h e  f a c t o r  f o r  penetrat ion through 
t h e  d iu rna l  ionosphere at a 1 .5  kc frequency i s  13%; with an increase i n  
frequency, i t s  value decreases monotonically t o  1%at  a 20 kc frequency. 
Electromagnetic waves with a 100 kc frequency barely pene t ra te  t h e  d iu rna l  
ionosphere. 

4. The penet ra t ion  f a c t o r  i s  considerably l a rge r  f o r  t h e  nocturnal  
ionosphere model than  it i s  f o r  t h e  d iu rna l  model, and reaches i t s  maximum 
value i n  t h e  v i c i n i t y  of f = 4 kc frequency. The presence of t h i s  m a x i m u m  
may be possibly one of t h e  reasons leading t o  a lower damping decrement f o r  
a l l  s p e c t r a l  components of whis t l ing  a.tmospherics, which l i e  i n  t h e  3-5 kc 
frequency band. Storey ( R e f .  11) first  discovered t h e  phenomenon of t h i s  
a.ttenuated damping i n  t h i s  frequency range. 

5 .  The resul ts  of computations car r ied  out i n  t h e  geometric op t i c s  
approximation (dashed l i n e  i n  t h e  f igu re )  do not coincide with a r igorous 
so lu t ion  of t h e  wave equation at frequencies l e s s  t han  10 kc, and t h i s  
divergence increases  with a frequency decrease.  A t  t h e  1 .5  kc frequency, 
t h e  penetrat ion f ac to r ,  which i s  found i n  t h e  geometric op t i c s  approxima
t i o n ,  i s  1.3-1. ' :  t i m e s  g r ea t e r  than the  corresponding quant i ty  obtained by 
a rigorous so lu t ion  of t he  wave equa.tion. 

T h i s  f a c t  must be kept i n  mind when r e s u l t s  from (Ref'. 2, 3 )  a r e  
examined The geometric op t i c s  approximation was employed i n  these  s tud ie s  
t o  compute t h e  penetrat ion f a c t o r  of SLF electromp,gnetic waves through the  
ionosphere. 
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INTERACTION OF MOVING BODIES WITH A l?LASMA 

(Introductory Remarks) 

Ya. L. &'pe r t  

In  recent  years  t h e r e  has been an increase i n  t h e  number of works /237
devoted t o  studying t h e  proper t ies  of an e l e c t r i c a l l y  charged, nonuniform 
cloud formed i n  t h e  v i c i n i t y  of a body (par t icu lar ly ,  a moving body) 
located i n  a s t rongly ra ref ied  plasma. Research i n  t h i s  f i e l d  has recent ly  
been summed up i n  t h e  works ( R e f .  1, 2).  However, s ince  these  works were 
wr i t ten  new t h e o r e t i c a l  r e s u l t s  have been obtained, and severa l  numerical 
computations have been performed (Ref. 3-5) It i s  p a r t i c u l a r l y  important 
t h a t  there  has a lso been experimental research conducted both on AES 
(Ref. 6) and conducted under laboratory conditions ( R e f .  7-8); t o  a c e r t a i n  
extent ,  t h i s  research can even be compared with t h e  theory for these  pheno
mena. Some of these  new r e s u l t s  w i l l  be p a r t i a l l y  examined i n  t h e  succeeding 
repor t s  . 

The current  state of plasma physics, which has r i s e n  due t o  t h e  
launching of a r t i f i c i a l  s a t e l l i t e s  and space rockets,  i s  s i m i l a r  t o  a cer
t a i n  extent t o  the  s t a t e  of so l id  media mechanics after t h e  airplane w a s  
invented. J u s t  as t h e  development of av ia t ion  necessi ta ted a study of t h e  
aerodynamics of a compressible gas flow around a body, t h e  development of 
a r t i f i c i a l  space vehicles  has necessi ta ted t h e  development of a theory f o r  
the  k ine t i c s  of a r a re f i ed  ionosphere plasma flowing around these vehicles  
i n  space. The in t e rac t ion  of t h e  vehicles  with t h e  plasma does not i n f lu 
ance t h e i r  motion, as i s  the  case f o r  a i rplanes,  s ince the  f r i c t i o n  force  
caused by the  plasma i s  s m a l l  i n  t h i s  case. However, phenomena produced 
around t h e  vehicle are, i n  t h e  f i rs t  place, of great  independent interest. 
They have severa l  f ea tu re s  which a r e  of general  importance f o r  plasma 
physics. Secondly, t h e i r  study i s  important f o r  t he  cor rec t  formulation 
and in t e rp re t a t ion  of many experiments which are performed on space vehic les ,  
u t i l i z i n g  them as a laboratory f o r  studying t h e  proper t ies  of t h e  surrounding 
medium. 

A t h e o r e t i c a l  study of these  phenomena encounters s ign i f i can t  d i f f i 
c u l t i e s .  This i s  pr imari ly  r e l a t ed  t o  t h e  plasma rarefac t ion .  I n  t h e  
media under consideration, t h e  mean f r e e  path not only of e lec t rons  &, but 
a l so  of ions and n e u t r a l  p a r t i c l e s  li, L, s a t i s f y  t h e  inequal i ty  I& li>>8,, 
where Q i s  t h e  c h a r a c t e r i s t i c  dimension of t h e  body. Therefore, i n  order 
t o  describe a l l  of t h e  phenomena we must u t i l i z e  equations of t h e  k i n e t i c  
gas theory. They a r e  more complex than hydrodynamic equations, because a 
l a rge r  number of measurements - t h e  phase space of p a r t i c l e s  - are recorded 
i n  space. I n  addi t ion,  they  d i f f e r  e s s e n t i a l l y  from t h e  problems of hydro
dynamics due t o  the  f a c t  t h a t  p a r t i c l e s  i n  a plasma are charged e l e c t r i c a l l y .  
This leads, i n  pa r t i cu la r ,  t o  t h e  necess i ty  of allowing f o r  t h e  influence of 

317 



-- 

Figure 1 

Angular Dependences of Relative Electron Concentration 
Dis t r ibu t ion  6 N/No f o r  Different  Values of a, Vo/Vi 

Behind a k r g e  Body 

the  e l e c t r i c  and magnetic f i e l d s  on p a r t i c l e  motion. There a re  th ree  new 
parameters i n  t h e  theory, which have the  dimension of length; these  para
meters a r e  misFing i n  normal hydrodynamics, namely: t h e  Debye rad ius  
D = (kT/k~TNe"),z ( N  - charged p a r t i c l e  concentration, T - temperature), /238
and t h e  Lamor r a d i i  P H ~and pHe of ions and e lec t rons .  Such a large 
number of parameters na tu ra l ly  makes the  equations s ign i f i can t ly  more 
complex. Therefore, an important f a c t o r  i n  solving these  problems i s  
t h e  u t i l i z a t i o n  of i nequa l i t i e s  between these  parameters which e x i s t  
under r e a l  conditions;  t h i s  makes it possible  t o  c l a r i f y  the  qua l i t a t ive  
p i c tu re  of t he  phenomena and t o  simplify t h e  equations t o  the  maximum 
extent .  

These pro'blems a r e  of p a r t i c u l a r  i n t e r e s t  f o r  rap id ly  moving bodies, 
i . e . ,  when t h e  ve loc i ty  of t he  moving bodies Vo i s  much grea te r  than the  
thermal ion v e l i c i t y  v i ,  which occurs when the  AES moves i n  the  ionosphere 
and i n  t h e  v i c i n i t y  of t h e  in te rp lane tary  medium c loses t  t o  the  Earth. 
Many s tudies  have been devoted t o  a theory of t h e  phenomena thus formed. 
They a re  co l lec ted  i n  t h e  monograph (Ref. 1). However, severa l  experimental 
da ta  charac te r iz ing  c e r t a i n  proper t ies  of these  phenomena have a l so  been 
published at  the  present  time. Thus, f o r  example, t h e  angular d i s t r i b u t i o n  
of p a r t i c l e s  behind an a r t i f i c i a l  Earth s a t e l l i t e  has been studied (Ref. 6). 
An ana lys i s  of t hese  da t a  shows t h a t  they c lose ly  coincide with t h e  r e s u l t s  
obtained t h e o r e t i c a l l y  i n  the  angular region of approximately 90-60". In  
the  region of exponentially-small  concentration values (small angles with 
t h e  ve loc i ty  vec tor )  t h e  number of p a r t i c l e s  determined experimentally i s  
s ign i f i can t ly  g rea t e r  than  t h a t  given by the  formulas. This i s  pr imari ly  
r e l a t ed  t o  t h e  necess i ty  of complete and rigorous allovF.nce f o r  t he  e lec
t r i c  f i e l d  influence on ion motion i n  t h i s  zone i n  t h e  theory, which has 
not been done up t o  t h e  present due t o  computational d i f f i c u l t i e s .  We must 
a l s o  keep t h e  f a c t  i n  mind t h a t  c lose t o  a body t h e  p a r t i c l e  d i s t r i b u t i o n  
i s  p a r t i c u l a r l y  sens i t i ve  t o  the  form of t h e  body and the  gas composition. 
In  pa r t i cu la r ,  l i g h t  hydrogen ions, even i n  a r e l a t i v e l y  s m a l l  amount, can 
s t ron  l y  change t h e  p a r t i c l e  concentration which i s  proport ional  t o  
exp[-rvi/Vo)"] i n  t h e  absence of an e l e c t r i c  f i e l d .  
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Figure 2 

Angular 	Dependences of t he  Function of 6N/No f o r  a Point 
Body f o r  Different Values of -= V o / v i  

The p lus  s ign  designates  regions of charge accumulation; 
t he  minus s ign  designates  r a re fac t ion  regions.  

It can a l s o  be s t a t e d  t h a t  laboratory measurements of p a r t i c l e  d i s 
tri 'bution i n  t h e  ou te r  magnetic f i e l d  c lose t o  a body and behind it, 
which were performed i n  ( R e f .  8), have revealed t h e  expected per iodic  
d i s t r i ' m t i o n  of p a r t i c l e  concentration around t h e  body axis, and closely 
coincide with t h e  concentratTon pe r iod ic i ty  N i  ( r )  which w a s  obtained 
t h e o r e t i c a l l y  ( R e f .  1). 

The e f f e c t  of t h e  e l e c t r i c  f i e l d  on t h e  nonuniform cloud s t ruc tu re  
i s  o n l y  taken i n t o  considerat ion i n  the  f a r t h e r  zone of t h e  moving body. 
The r a t i o  N ( r , B )  - No)/No behind the  body f o r  d i f f e r e n t  values of 
oo = V0/vi i s  shown i n  Figure 1. It can be c l e a r l y  seen from t h i s  figure 
t h a t  t he re  i s  m a x i m u m  per turba t ion  on the  surface of a cone with the  
aperture  angle t g  emax - l .3(Vo/vi)- l .  This surface coincides with the  
Mach cone f o r  ion-sound waves. However, t he  nature  of t h e  concentration 
perturba,tion i s  d i f f e r e n t  from t h a t  given i n  hydrodynamics. The perturba
t i o n  N(-) i s  e s s e n t i a l l y  determined by the  influence of t h e  e l e c t r i c  f i e l d ,  
which leads t o  a decrease i n  6N = N - No i n  t h e  inner  cav i ty  of t h i s  cone, 
i . e . ,  t o  a c e r t a i n  focusing of t h e  p a r t i c l e s  along t h e  body's a x i s  of 
motion. Naturally,  t h e  cone i s  a l s o  very d i f fuse ,  which i s  r e l a t ed  t o  /239 
wave damping. It i s  i n t e r e s t i n g  t o  note t h a t  f o r  a s m a l l  body, whose l i n e a r  
dimensions are smaller than t h e  Debye rad ius  D, t h e  per turbat ion 6N has an 
accumulation region around t h e  body axis; t h e  r a re fac t ion  region follows 
t h i s ,  and then t h e  change t o  an unperturbed value N o .  Thls can be seen i n  
Figure 2, i n  which t h e  accumulation regions are designated by t h e  p lus  sign, 
and t h e  ra refac t ion  regions are designated by t h e  minus sign. This p a r t i c l e  
d i s t r i b u t i o n  can apparent ly  be explained by t h e  fact  t h a t  t h e  computations 
were made f o r  a poin t  charge, so  t h a t  ions are not absorbed by t h e  .body, 
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yo= -in74 r=4R0 %= U6. r =4 

Figure 3 

Results 'Derived from Laboratory Measurements of t h e  Angular 
Dis t r ibu t ion  of Ion Concentration Behind a.Body Located i n  an 
Advancing Stream of Ions With Veloci t ies  of ~6 Vo/vi on t h e  

Surface of t he  Body 

i .e . ,  t h e i r  number i s  retained.  Therefore, i f  the re  i s  ra refac t ion  at one 
point i n  space, then the re  w i l l  be acemula t ion  a t  another point.  However, 
we should note t h a t  an analagous s i tua t ion  occurs f o r  large,  very s t rongly 
charged bodies, when 9 D, f o r  which ion def lec t ion  by t h e  f i e l d  w i l l  be 
grea te r  than  t h e i r  absorption by a surface. Such a strongly charged body 
can focus the ions close t o  the  axis. Moskalenko ( R e f .  9)  obtained such a 
r e s u l t  t heo re t i ca l ly .  This phenomenon has been recent ly  observed i n  labora
t o r y  experiments ( R e f .  7). Figure 3 presents  t h e  corresponding d i s t r i b u t i o n  
curves N(r ,v) /No,  obtained f a i r l y  close t o  t h e  body. It can be seen from 
t h e  f igure  t h a t  when t h e  body has a zero potential(cp, = 0) the re  i s  only a 
ra refac t ion  region, while f o r  cp, = -107 v a s t rongly expressed accumulation 
region i s  o%served, i .e.,  t h e  p a r t i c l e s  are focused. Quant i ta t ively,  these  
curves d i f f e r  from t h e  t h e o r e t i c a l  curv&, because t h e  measurements were 
conducted i n  t h e  neighboring zone of t he  body at a dis tance from i t s  center  
of r = 4% and f o r  a0-4. 

Plasma s t a b i l i t y  i n  a perturbed region i s  a pa r t i cu la r ly  important 
problem which i s  included among t h e  t h e o r e t i c a l  problems which have not 
been solved up t o  t h e  present time. As  i s  known, t h e o r e t i c a l  s tud ies  have 
shown t h a t  t h e  overwhelming majority of possible  s ta t ionary  plasma s t a t e s  
i s  unstable.  I n  our case, t h e  s i t ua t ion  i s  somewhat d i f fe ren t ,  because 
we a re  deal ing with d i r e c t i o n a l  ion motion. This must contr ibute  t o  stabil
i t y .  Nevertheless, t h e  problem has s t i l l  not been c l a r i f i e d  completely, and 
necess i ta tes  c a r e f u l  study, pa r t i cu la r ly  i f  we keep i n  mind t h e  influence of 
t h e  outer  magnetic f i e l d  of t h e  Earth, which g rea t ly  f a c i l i t a t e s  i n s t a b i l i t y  
dur ing- the  motion of a body exact ly  along t h e  f i e l d .  

Thus, t h e  f u t u r e  development of a theory f o r  t h e  phenomena considered 
necess i ta tes  t h e  so lu t ion  of severa l  problems, with allowance f o r  t h e  mag
n e t i c  f i e l d ,  influence of t h e  e l e c t r i c  f i e l d  i n  t h e  zone adjacent t o  t h e  
body, as w e l l  as an inves t iga t ion  of t he  s t a b i l i t y  of t h e  perturbed plasma 
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region. We should a l s o  note t h a t  i n  t h e  case of a slowly moving body 
(body at r e s t ) ,  when w e  are speaking of a probe theory taking t h e  mag
ne t i c  f i e l d  i n t o  account, there  i s  not one complete computation which 
would make it possible t o  in te rpre t  t h e  s i t ua t ion  ar is ing,  f o r  exanple, 
during probe measurements i n  t h e  ionosphere c)r t h e  interplanetary medium. 
The influence of t h e  magnetic f i e l d  must be very great  i n  many cases. 
Therefore, t h e  development of t h i s  theory i s  one of t h e  urgent problems 
i n  this research area,. 
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BRAKING O F  BODIES MOVING IN A RAREFIED PLASMA 

A. V. Gurevich, A. M. Moskalenko 

1. In t e rac t ion  of Bodies With Neutral Molecules 1241 

The b&king of bodies moving i n  a r a r e f i e d  plasma i s  caused by t h e i r  
i n t e rac t ion  with n e u t r a l  and charged p a r t i c l e s ,  as w e l l  as with t h e  e l ec t ro 
magnetic f i e l d s .  

In te rac t ion  with n e u t r a l  molecules and atoms na tu ra l ly  plays t h e  main 
r o l e  f o r  s m a l l  degrees of plasma ionizat ion.  I n  t h i s  case, consequently, 
t h e  braking of a moving body i n  a plasma i s  the  same as during t h e  motion 
i n  a n e u t r a l  r a r e f i ed  gas, where t h e  p a r t i c l e  mean f r e e  pa th  1 is  much 
grea te r  than t h e  body s i z e  R. This problem, which has been inves t iga ted  i n  
severa l  works (see, f o r  example, [ R e f .  11) has been s u f f i c i e n t l y  s tudied.  

For higher degrees of ionizat ion,  t h e  in t e rac t ion  of t he  body with 
charged p a r t i c l e s  - e lec t rons  and ions - as w e l l  as t h e  in t e rac t ion  with 
e l e c t r i c  and magnetic f i e l d s  i n  t h e  plasma i s  s ign i f i can t .  Generally 
speaking, i n  order  t o  solve these  problems it i s  necessary t o  know t h e  
complex s t ruc tu re  of t h e  perturbed region i n  t h e  v i c i n i t y  of t h e  body 
moving i n  t h e  plasma. Therefore, t h e  discussion of t hese  problems i n  
works by previous authors ( R e f .  2-9) has not always been systematic enough, 
and f requent ly  w a s  only provis iona l  i n  nature .  A more de t a i l ed  inves t iga
t i o n  was required.  The r igorous solut ion of severa l  of these  problems i s  
t h e  purpose of t h i s  a r t i c l e .  

For purposes of completeness, l e t  us f irst  examine t h e  in t e rac t ion  of 
a body with n e u t r a l  mol.ecules, atoms. The braking fo rce  Fn equals t h e  
t o t a l  impulse t ransmit ted t o  t h e  body per  u n i t  of time by gas molecules, 
i .e . ,  by d e f i n i t i o n  

Here M i s  t h e  mass of a gas molecule; v1 - i t s  ve loc i ty  before co l 
l i d ing  with t h e  body surface; v - t h e  ve loc i ty  after c:ollision; n - t h e  
outer  normal t o  t h e  body surface at t h e  c o l l i s i o n  point  rs; fo (v l )  - t h e  
d i s t r i b u t i o n  funct ion of p a r t i c l e s  f a l l i n g  on t h e  body surface.  It i s  
advantageous t o  inves t iga t e  t h e  problem i n  a coordina,te system connected 
with t h e  moving body. It can be assumed t h a t  t h e  funct ion fo(v l )  i s  a 
Maxwell funct ion 
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where Nm i s  the  molecule concentration; T - gas temperature; V, - body 
ve loc i ty  . 

Final ly ,  W(V, vl, rs) i s  t h e  sca t t e r ing  p robab i l i t y  (see [Ref. lo], 
sect ion 3b), i .e . ,  t h e  p robab i l i t y  t h a t  a p a r t i c l e ,  f a l l i n g  with a velo
c i t y  vl on a surface point  rs, i s  r e f l ec t ed  by it with t h e  ve loc i ty  
Y. Subs t i tu t ing  t h e  expression f o r  t h e  sca t t e r ing  p robab i l i t y  Le) and t h e  
flunetion fo  i n  formula (1)and in tegra t ing  over a l l  v e l o c i t i e s  of p a r t i c l e s  
d3v1d3 v f a l l i n g  on t h e  surface (nvl < 0 )  and r e f l ec t ed  from it (nv > O), 
and a l s o  over the  e n t i r e  body surface dS, we can r ead i ly  ca lcu la te  t he  
braking force.  

By way of an example, l e t  us examine a sphere of t h e  radius  R, moving 
I n  a ra re f i ed  gas a t  the  ve loc i ty  V,. Let us assume t h a t  t h e  l a w  govern
ing p a r t i c l e  s ca t t e r ing  on i t s  surface i s  a specular l a w ,  and then accord
ing t o  (Ref. 11): /242 


Here $ ( z )  i s  t h e  p robab i l i t y  in t eg ra l .  

d i rec t ion  opposite t o  Vo; therefore ,  only the  quant i ty  F i s  given below. 


The braking force  moves i n  a 

For a s m a l l  sphere ve loc i ty  VA << 1, Stokes l a w  i s  va l id  f o r  t h e  
braking force  

For a high ve loc i ty  V 1 ,  >> 1 

P a r t i c l e  s ca t t e r ing  on t h e  body surface also plays an important role. 
For example, f o r  the  braking of a rap id ly  moving sphere, i n  t he  case of 
e l a s t i c  s ca t t e r ing  according t o  t h e  Lvnbert l a w ,  we have 

Thus, t h e  nature  of p a r t i c l e  r e f l ec t ion  from a surface s i g n i f i c a n t l y  
inf luences the  braking force .  This becomes even more apparent, if the 
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braking force i s  divided i n t o  two sect ions - Flv r e l a t ed  t o  p a r t i c l e s  
f a l l i n g  on t h e  surface, and Fzn r e l a t ed  t o  p a r t i c l e s  re f lec ted  from t h e  
body surface: 

n - in  T A 2n - M  vi ( ~ V J  ds.l 7 - F  1 x 7  fOci"u1d~ +M s v (nvl) w ~ o ~ 3 ~ d 3 u ,  

The force Fln does not depend on the  nature of the  p a r t i c l e  in te rac t ion  
with t h e  body surface.  I n  the  case of a rapidly moving body, we have 

F,, = Ar,,,5tX:h!lV,Z = ~N,,;GR~EO. (7) 

For a slowly moving body we have 

The force Fan depends s ign i f i can t ly  on t h e  nature  of p a r t i c l e  r e f l ec t ion  
and on t h e  form of t h e  surface.  This can be c l e a r l y  seen, f o r  example, 
from formulas (5)  - (7a). In  pa r t i cu la r ,  Fzn = 0 f o r  specular s ca t t e r ing  
on t h e  sphere. 

W e  shauld point  out t h a t  it i s  not possible  t o  a.llow f o r  t h e  thermal 
s c a t t e r  of t h e  ve loc i t i e s  of p a r t i c l e s  ixpinging on t h e  body, when ca l 
culat ing the  braking force  of a rapidly moving body ( V f o  >> l), i.e.,  it 
must be assumed t h a t  

fo (Vi) ="6 (Vi +VO). ( 8 )  

This simpl i f  i e  s t h e  computat ion con s iderabl y  . 

2. Braking of a Large, Rapidly Moving Body 

Let us now ca lcu la te  t h e  braking force  produced by the  in te rac t ion  of 
a body with charged plasma p a r t i c l e s  - ions and electrons.  We should f i r s t  
note t h a t  if Te << TiM/m and t h e  'body surface does not have a high pos i t i ve  
po ten t i a l  cp >> kTe/e, then the  in t e rac t ion  of t h e  'body with ions plays /242
t h e  basic  ro le .  

kt us inves t iga te  a large,  rap id ly  moving body, i . e . ,  a body which i s  
lasge as compared with t h e  Debye radius  i n  a plasma(R >> D),  and a ve loc i ty  
V, which i s  s ign i f i can t ly  greater  than t h e  thermal ion ve loc i ty  
v i  = ,,/2- '. I n  t h i s  case, t h e  e l e c t r i c  f i e l d  d i s t r ibu t ion  i n  t h e  v i c i n i t y  
of t h e  body i s  given i n  (Ref 10) 

kt us divide t h e  braking force  i n t o  two pa r t s .  The f irst  Fs i s  
-

1 
 This case occurs, i n  par t icu lar ,  during the  motion of rockets and 
s a t e l l i t e s  i n  the  ionosphere. 
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caused by p a r t i c l e s  co l l i d ing  with the  body surface. The second Fc i s  not 
caused by p a r t i c l e s  co l l i d ing  with t h e  body, bu t  r a the r  by p a r t i c l e s  inter
ac t ing  only with t h e  e l e c t r i c  f i e l d  i n  t h e  v i c i n i t y  of t he  body. It i s  
assumed t h a t  p a r t i c l e s  impinging i n  f ron t  of t he  body surface make t h e  main 
contribution t o  the  force  F On t h e  other  hand, p a r t i c l e s  in te rac t ing

s:with 	t h e  perturbed t r a i l  behind t h e  body make t h e  main contribution t o  t h e  
force F 

The force Fs i s  na tu ra l ly  determined by expression (1). It i s  thus 
assumed t h a t  i n  t h e  case of a rap id ly  moving body t h e  thermal ion motion 
can be disregarded. The influence of a weak e l e c t r i c  f i e l d  on ion motion 
i n  a quasineutral  plasma i n  f ron t  of t h e  body must be disregarded i n  t h e  
same approximation. Consequently, t h e  function f, (vl) at  t h e  outer  boun
dary of a double layer  i s  given by t h e  expression (8): 

where No i s  t h e  ion concentration i n  an unperturbed plasma. 

The probabi l i ty  W depends e s s e n t i a l l y  on the  nature of ion in t e rac t ion  
with t h e  body surface. Usually an  ion i s  neutral ized (recombined) when 
co l l id ing  with a surface.  Let us  assume t h a t  an ion moves at a ve loc i ty  of 
vinO i n  the  d i r ec t ion  of t h e  inner normal t o  t he  body surface i n  t h e  region 
of a quasineutral  plasma. I n  a double layer,  t h e  ion ve loc i ty  w i l l  increase 
due t o  t h e  a t t r a c t i n g  e l e c t r i c  charge of the  body (it i s  assumed t h a t  t h e  
body r e f l e c t s  negat ively) .  On t h e  body surface, t h e  ve loc i ty  with respect  
t o  t h e  normal i s  

Here cp i s  the  p o t e n t i a l  of t h e  body surface ( T O  < 0 ) ;  �i- ionizat ion 
energy; f3 - numerical coef f ic ien t  depending on t h e  surface propert ies  ( the  
last term i n  (9) t akes  i n t o  account t h e  work of t h e  image force) .  Let us 
assume t h a t  an ion i s  recombined a t  t h e  'body surface.  The neu t r a l  atom 
formed co l l ides  with t h e  surface, and i s  r e f l ec t ed  from it at  a ve loc i ty  
vd, depending upon t h e  sca t t e r ing  l a w  on t h e  surface.  The i n i t i a l  ion 
ve loc i ty  vio changes due t o  c o l l i s i o n  w i t h  t h e  surface at a ve loc i ty  of vd-
For example, i n  t h e  case of specular atom sca t t e r ing  on a body surface, t h e  
i n i t i a l  normal ve loc i ty  component vinO changes t o  -vig, where vin i s  de te r 
mined by formula (g), and t h e  tangent ia l  component i s  retained, i .e . ,  ..~ - - .. 

w = 6 i V - V  1 - [(nv) .- (nvl)1> 6{nv -[(nv1)2 -

I n  t h e  case of e l a s t i c  diff 'usion scat ter ing,  according t o  the  lambert l a w  
we have 
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Figure 1 

Dependence of t h e  Braking Force of a Large Rapidly Moving Body 
on t h e  Po ten t i a l  of t h e  Body 

1 - For specular  ion sca t t e r ing  with t h e i r  neutra , l izat ion on t h e  
body surface; 2 - f o r  e l a s t i c  diff’usion sca t t e r ing  of ions with 
neut ra l iza t ion .  

Subs t i tu t ing  t h e  d i s t r i b u t i o n  funct ion (8) and t h e  expressions -for t h e  
scakter ing p robab i l i t y  (10) and (11)i n  formula (l), w e  can ce lcu la te  /244
t h e  force  Fs. I n  the  case of  specular s c a t t e r i n g  w e  have 

I-an thus  be seen t h a t  t h e  braking force  increases  proport ional ly  t o  
,,/-cpo with an increase (with respect  t o  t h e  modulus) of t h e  negative 
p o t e n t i a l  of t he  body surface.  

In  t h e  case of d i f fus ion  (according t o  Lambert) s c a t t e r i n c  we have 
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The dependence of t h e  force  Fs on t h e  body surface p o t e n t i a l  f o r  
d i f f e ren t  s ca t t e r ing  laws i s  shown i n  Figure 1 (curve 1 - specular 
sca t te r ing ;  2 - sca t t e r ing  according t o  t h e  Iambert l a w ) .  It can be 
seen from t h e  f i s r e  t h a t  t h e  force Fs increases  most vigorously with 
an i x rease  i n  Icqol i n  t h e  case of specular s ca t t e r ing .  

It should be noted t h a t  t o t a l  ion neu t r a l i za t ion  on t h e  body sur
face w a s  assumed above. If t h e r e  i s  p a r t i a l  ion r e f l e c t i o n  from t h e  
surface with t h e  r e f l e c t i o n  coef f ic ien t  �$, then  the expressions obtained 
f o r  Fs must be mul t ip l ied  by (l-%), and t h e  por t ion  of t h e  braking fo rce  
caused by r e f l e c t i o n  of non-recombined ions must be added t o  them. For 
example, f o r  specular  ion sca t t e r ing  on a body surface,  t h i s  por t ion  of 
t h e  braking fo rce  i s  

I?,<= 21v,,d:;E,,i:i. (1-5) 

It i s  less than  t h e  force  (E?),and does not depend on t h e  surface 
po ten t i a l .  The reason for t h i s  l i e s  i n  t h e  f a c t  t h a t  a r e f l ec t ed  ion i n  
a double la.yer i s  re tarded due t o  t h e  influence of the  e l e c t r i c  f i e l d ,  
and r e s to re s  the  add i t iona l  impulse acquired when it approached t h e  body 
surface.  Consequently, ion recombination on the  body surface i s  e s s e n t i a l l y  
indicated by t h e  mqpitude of t h e  braking force. '  Jastrow and Pearse (Ref. 2) 
were appazently the f irst  ones t o  point  t h i s  out. I n t e r e s t i n g  phenomena 
occur duc t o  ion recombination, if  t h e  body surface i s  nonuniform ( R e f .  12) .

/245 

k-t us now discuss  t h e  braking fo rce  ca,used by ion in t e rac t ion  with 
t h e  e l e c t r i c  f i e l d .  When a. body moves i n  a. plasma, an e l e c t r i c  charge 
appears on i t s  surface which produces a f i e l d  i n  t h e  immediate v i c i n i t y .  

An e1ectrj.c f i e l d  e x i s t s  i n  t h e  long t r a i l  extending behind t h e  body. 
In t e rac t ing  with these f i e l d s ,  t he  ions a re  def lec ted  from r e c t i l i n e a r  
t r a j e c t o r i e s ,  due t o  whicli f a c t  t h e  braking force  changes. 

If', however, the followin!: condition i s  f u l f i l l e d  
P 


1 A me ta l l i c  body located i n  a plasma i s  usua l ly  charged negat ively up t o  
the  p o t c n t i a l  - -(4-5)kT/e. It can be seen from formula (9) t h a t  
p a r t i c l e s  cmittcd from t h e  body a f t e r  recombination have an energy g rea t e r  
than 5 kT. The source of t h i s  energy (apar t  from ioniza t ion  energy) i s  
t h e  thermal  energy of plasma e lec t rons .  Ac:;ually, only rap id  e lec t rons  
belonging t o  t h e  t a l 1  of t h e  d i s t r i b u t i o n  funct ion can f a l l  on a nega
charged body. Due t o  t h i s  f a c t ,  t h e  e lec t ron  gas i n  a plasma cools  o f f .  
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where D = (kT/he”No)+ i s  t h e  Debye radius,  then these  correct ions t o  t h e  
braking force  are s m a l l :  

liT-< 1.12 hf V i  

This r e s u l t  i s  substant ia ted i n  d e t a i l  i n  (Ref. ll), and a l s o  i n  (Ref. 2, 
6,  8, 9 ) 

3. Braking of a Small Body 

kt us now examine t h e  case of a s m a l l  spher ica l  body - sphere, whose 
l ad ius  R, i s  much less than the  Debye radius  i n  a plasma. When t h e  condi
t i o n  

i s  f u l f i l l e d ,  where cpo is  t h e  body surface poten t ia l ,  t he  e l e c t r i c  f i e l d  
i n  the  v i c i n i t y  of t h e  sphere is  a Coulomb f i e l d  up t o  d is tances  on t h e  
order of D (see [Ref. 101, sec t ion  40). I n  t h e  case of r > D, t h e  f i e l d  
decreases much more rap id ly  than t h e  Coulomb f i e l d .  I n  t h i s  case  far 
removed regions (r D)make only a s m a l l  contr ibut ion (on t h e  order  of, or 
less than, l/ In (D/&)), so t h a t  it can be assumed t h e  e l e c t r i c  f i e l d  i n  
t h e  v i c i n i t y  of t h e  body is  a Coulomb f i e l d ,  when t h e  braking force  i s  
computed. 

The body surface p o t e n t i a l  w i l l  be assumed to be negative (cpo < 0), 
f o r  purposes of s implici ty .  I n  t h i s  case, ions a re  a t t r a c t e d  t o  t h e  body, 
and e lec t rons  are repulsed. 

Below w e  s h a l l  inves t iga te  both e l a s t i c  s ca t t e r ing  and ion recombina
t i o n  on a body surface,  and it w i l l  be assumed t h a t  e lec t rons  are absorbed 
upon c o l l i s i o n  with t h e  body. I n  contrast  to a la rge  ‘body, t h e  in te rac t ion  
with e lec t rons  can p lay  a s igni f icant  r o l e  in t h e  case of a s m a l l  body. 

Just as w a s  done previously, l e t  us divide t h e  braking force  i n t o  two 
portions:  Fs caused ‘by p a r t i c l e s  co l l i d ing  with t h e  body surface, and Fc 
connected with p a r t i c l e s  i n t e rac t ing  only with t h e  e l e c t r i c  f i e l d .  
case of a s m a l l  body, t h e  r o l e  of t h e  force  Fc i s  much more s ign i f i can t  

I n  t h e  

than i n  t h e  case of a l a rge  body, which w a s  examined above. 

Let us f i rs t  inves t iga te  the  force  Fs. It i s  determined, as previously, 
by formula (l), with t h e  only difference being t h a t  t h e  value (v-vl) must be 
now taken not on t h e  surface S, ‘but at a la rge  dis tance from t h e  body (r-+a), 
since we a r e  in t e re s t ed  i n  the  t o t a l  change i n  p a r t i c l e  momentum resu l t i ng  
from i t s  in t e rac t ion  with a body and with t h e  e l e c t r i c  f i e l d .  It i s  
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advantageous t o  d i s t ingu i sh  between t h e  components r e s u l t i n g  from t h e  /246 

i n t e rac t ion  with p a r t i c l e s ' f a l l i n g  on t h e  body Fls and p a r t i c l e s  

r e f l ec t ed  by F2s i n  t h e  fo rce  Fs: 


Fs = P:, + Fzp; (19) 

l r  d ~ ;  (20)
F,, = -

111 \ ( ~ 1 )  +to (nvl) io(vl)CF~Z,,
llY, .c 0 

(21) 
IIV, < n 
I]\' :. 0 

The e n t i r e  inves t iga t ion  w i l l  be based on t h e  coordinate system 
connected with t h e  body i tself ;  t h e  z-axis  coincides with t h e  body d i r ec 
t i o n  of motion. The braking force  i s  d i rec ted  a h g < h i s  ax is .  

4. In t e rac t ion  With Incident Ions and Electrons 

On t h e  basis of (20 ) ,  t h e  braking force  by incident  ions i s  

(22) 

We can f ind  vlz i n  t h e  case of r -+a. Taking ( R e f .  1.3) i n t o  consideration, 
we obtain 

(? ) , z ) l , .+m= [--u1cos(v1, V,)] = 

The computations a t  t h i s  point ,  and a l s o  l a t e r  on, a r e  s i m i l a r  t o  those 
performed i n  (Ref. 13).  Therefore, we s h a l l  pr imari ly  use the  nota t ion  i n  
(Ref. l3), and an a s t e r i s k  w i l l  be used t o  ind ica te  references t o  t h e  
formulas i n  t h i s  work. 

The primes at  cos C1 and s i n  C1 i nd ica t e  t h a t  these  funct ions a r e  
se lec ted  f o r  incident  p a r t i c l e s .  It i s  i n t e r e s t i n g  t o  note t h a t  v l z  is  
expressed i n  t h e  case of r -+ m by motion constants  ( f o r  po in ts  on t h e  
body surface)  : - energy of incoming ions; C 1 '  - constant .  charac te r iz ing  
o r b i t a l  o r i en ta t ion  i n  t h e  half-plane of motion; 6 and Y1 - angles charac
t e r i z i n g  the  momentum moment or ien ta t ion .  

For (nvl) w e  have 
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Figure 2 

Dependence of Braking Force Fs of a Small, 
Rapidly Moving Body on t h e  P o t e n t i a l  

a - Specular ton s c a t t e r i n g  with n e u t r a l  
ion iza t ion ;  'b - e l a s t i c  ion. s c a t t e r i n g  with 
neu t r a l i za t ion .  

and t h e  function fo (v l ) ,  according t o  formula (12)*, i s  

When in t eg ra t ion  i s  performed i n  expression (22), it i s  advantageous 
t o  change t o  t h e  va r i ab le s  El andB1": 

Taking i n t o  account (23) - (261,we obta in  t h e  following f o r  t h e  /247
braking fo rce  .by inc ident  ions : 
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We s h a l l  give t h e  expressions for t h e  braking fo rce  Fls i n  two cases, 
when t k E  body ve loc i ty  i s  much grea te r ,  and much less, t han  t h e  ion thermal 
ve loc i ty  ( R e f .  11). 

(a) The body ve loc i ty  i s  much g rea t e r  than  t h e  ion  thermal ve loc i ty ,  
i .e.,  C,/kT 1. 

The braking force Fls is:' 

For cp, = 0, t h e  braking fo rce  'by incident  ions F equals t h e  braking 
force  by incident  n e u t r a l  p a r t i c l e s  F h  (12), as tnust'ge t h e  case. I n  t h e  
case of e 1 %  I % co 

n -F , ,  = 2 L l ~ o - J R ; e ;'r0 I )  (29) 

i.e., t h e  force  Fls does not depend on t h e  m a s s  of incident  ions.  

onFigure 2 presents  a gre.ph showing the dependence of F ~ ~ / F ~  
-e:%/�, (curve 1). /248 

ve loc i ty  i s  much l e s s  than t h e  ion thermal ve loc i ty ,  
I n  t h i s  case 

Formula (30) can be wr i t t en  i n  another form (Figure 3, a.,b, curves 1): 

I n  t h e  case of cp, 2 0, t h e  brakingibrce by incident  ions Fls equals 
t h e  braking force by inc ident  n e u t r a l  p a r t i c l e s  F h  (7a), as must be t h e  
case.. . ~~ 

I The computations are presented i n  g rea t e r  d e t a i l  i n  (Ref. 11). 
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Figure 3 

Dependence of Brraking Force Fs of Small, Slowly Moving 
Body on P o t e n t i a l  

a - Specular ion sca t t e r ing  with neut ra l iza t ion ;  b -
e l a s t i c  diff 'usion sca t t e r ing  of ions with neu t r a l i za t ion .  

If the  body ve loc i ty  i s  much g rea t e r  than  t h e  e l ec t ron  thermal velo
c i t y ,  t h e  braking force  by  incident  e lec t rons  i s  as follows i n  t h e  case 
of e lcpo I < mVo2/2 (Ref. 11): 

and fo r  e lcpol 3 mVO2/2 i n  t h e  approximation under considerat ion 

F s e  =0. 

Here m i s  e l ec t ron  mass. 

If t h e  body ve loc i ty  i s  much less than t h e  e l ec t ron  thermal veloci ty ,  
we obtain (Ref. 11) 

Comparing (3la) and (32) with (28) and (30) we f i n d  t h a t  t h e  braking 
force by incident  e lec t rons  i s  much l e s s  than t h e  braking force by inc i 
dent ions.  
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In te rac t ion  With Reflected Ions 

. -E l a s t i c  specular s ca t t e r ing  of ions from t h e  body surface.  

If e l a s t i c  specular ion  r e f l e c t i o n  from t h e  body surface takes  place,
then t h e  magnitude and d i r . c t i o n  of t h e  momentum moment and t h e  ion 
energy do not change during t h e  r e f l ec t ion .  We therefore  have 

I n  wr i t ing  t h e  p robab i l i t y  w, we make allowance f o r  t h e  normalization 
f i d 3  v = 1. The quant i ty  v z  i s  found i n  t h e  case of r + i n  t h e  same way 

as v lz  i s  found i n  t h e  case of r- [see (2311: 

Subs t i tu t ing  (24)-(26), (33) and (34) i n  (21) and in tegra t ing  over 
dy ,d� ld / f l  , w e  have 

(a) The body ve loc i ty  i s  much grea te r  than t h e  ion thermal veloci ty .  /249
For t h e  braking force  F2s, we have 

I n  t h e  case of a. < 1, i.e.,  e I cpo l  % E,, it thus follows t h a t  

Thus, f o r  e 1 %  I 9 co we have t h e  following from formulas (28) and (37) 

__F s  = F1, +Fzs = p,, 2 e l v o l  (38)Eo ' 

i .e. ,  the .  re f lec ted  ions decrease t h e  bra.king force by i;,,ident ions.  
It i s  thus  understood t h a t  t h e  r e f l ec t ed  ions, when in t e rac t ing  with t h e  
e l e c t r i c  f i e ld ,  lose  t h e i r  impulse, r e s to r ing  &s f i e l d ,  and consequently 
t h e  body. 
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(b) The body v e l o c i t y  i s  much less than  t h e  ion  thermal ve loc i ty .  
After  t h e  same computations t h a t  were performed t o  der ive  (28), w e  
ob ta in  

I n  t h e  case p 3 1, i .e . ,  e 1 %  I 9 kT - t h e  i n t e g r a l  with respec t  t o  
da i s  ca lcu la ted  by t h e  k p l a c e  method. The values of a, which are close 
t o  zero, m a k e  t h e  main contr ibut ion t o  t h i s  i n t e g r a l .  Final ly ,  w e  have 

According t o  (38) and ( b o ) ,  i n  t he  case of  e Icp,  1 9 kT w e  have 

I n  t h i s e  case t h e  r e f l ec t ed  ions a l s o  decrease t h e  braking force  by 
t h e  incident  ions.  

Specular ion =.flection with t h e i z  neu t r a l i za t ion  on t h e  body s-grfacg. 

It w i l l  be assumed thak t h e  ion ve loc i ty  docs not  change during r e f l ec 
t i o n .  However, after t h e  ion i s  neutra.l ized on t h e  body surface i t s  t o t a l  
energy changes, s ince  a neut ra l ized  ion does not have a p o t c n t i a l  energy. 
We sha,ll d isregard t h e  work of t h e  force  $Si [see ( 9 ) j  from t h i s  point  on. 
Theref ore, 

It should be noted t h a t  t he  potentia.1 energy at any point  r, and not 
at poin ts  on t h e  body surface,  i s  included in  t h e  argument of t h e  t h i r d  
&-function. In addi t ion,  as was indicatcd i n  (42),  w e  must s e t  r = a� te r  
i n t eg ra t ion .  over energy. 

I n  t h e  case of n e u t r a l  p a r t i c l e s ,  vz can be taken on t h e  body surface.  
This equals (eqa.  34): 

Here 



I n  t h e  same way, w e  can compute t h e  pressure force  by re f lec ted  
p a r t i c l e s ,  which coincides with t h e  braking fo rce  f o r  neu t r a l  p a r t i c l e s .  

/250
The r e f l ec t ed  p a r t i c l e  energy changes according t o  (35) and t h e  

argument of t h e  t h i r d  6-function chan e s  from -e% t o  00. After subs t i 
t u t i n g  (42), (43) and (24) - (26) i n  ?21), and in tegra t ing  over d'YidsldAi2 
w e  ob ta in  

where 

Thus 

T h i s  value of t h e  constant Ci w a s  obta'ined due t o  t h e  f a c t  t h a t ,  3,s 
was already indicated,  t h e  p o t e n t i a l  energy a.t any point  r i s  included 
in  the argument of t h e  t h i r d  6-fimction i n  (h2). Therefore, t h i s  6-function 
ind ica tes  t he  p o t e n t i a l  f i e l d  under t h e  in t eg ra l  sign i n  t h e  expression for 
C, i n  t he  case of intc: ; ra t ion over dE1. It must thus  be t h e  case k h a t  a , f ter  
ions 3.re r e f l ec t ed  and neut ra l ized  on t h e  surface,  they move along 
a, s t r a i g h t  l i n e .  

Lct us  make a subs t i t u t ion  E 1- e;% = E. Then expression (44) assumes 
t h e  form 
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(a) The body ve loc i ty  i s  much greater than  t h e  thermal ion  veloci ty .  
After t h e  same computations as were performed to derive (28), i n  t h e  
same approximation (see Figure 2, a, curve 2) w e  have 

F,, = 0. 

This result w a s  obtained previously i n  (Ref. 4) from qua l i t a t ive  premises. 
Final ly ,  the braking force  caused by ion c o l l i s i o n s  with t h e  body surface 
i s  i n  t h i s  case 

(b) The body ve loc i ty  i s  much l e s s  than  t h e  ion thermal veloci ty .  
If w e  perform t h e  same computations as were performed to derive ( 3 O ) ,  we 
f ind  t h a t  i n  t h i s  same approximation t h e  braking force  FZs i s  (see Figure 
3 ,  a, curve 2) 

Fzs = 0. (48) 
Finally,  f o r  t h e  braking force  caused by ion co l l i s ions  with t h e  /251 

body surface,  we have 

E las t i c  d i f fuse  (according to lambed)-~ion- r e f l e c t i o n  fr_omt h e  body sur
face.  

The probabi l i ty  W*in t h i s  case has t h e  form 

(a) The body ve loc i ty  i s  much grea te r  than t h e  ion thermai veloci ty .  
The braking force F2s equals 

In t h e  case of a. < 1, i.e., e I 9 Eo, we thus f i n d  i n  t h e  same 
approximat ion as (28) : 

F,, = 0,  (52) 
. .* 

Trans la tor ' s  note: This probably i s  a misprint  i n  the  o r i g i n a l  foreign 
t e x t .  The cor rec t  term should be w. 
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and f o r  a. 9 1, i.e., e I cpol c 0 :  

(b) The body ve loc i ty  i s  much l e s s  than t h e  ion thermal veloci ty .  
For t h e  braking force  F2sy .we have 

For p 1, i.e., e I pol 9 kT, we thus f ind  i n  t h e  same approximatlon 
as ( 3 0 )  

F,, = 0 ,  ( 5 5 )  

A f f u s d  according to Lambert_) ion r e f l ec t ion  with t h e i r  neu t r a l i -

za t ion  on t h e  body surface.  

For t h e  p robab i l i t y  w we have t h e  expression 

(a) The body ve loc i ty  i s  much grea te r  than t h e  ion thermal ve loc i ty .  
The braking fo rce  F2s i s  

4 e I 'Po IP,, = F In 71 (1 -t----j.*, ( 5 8 )EO 


and t h e  corresponding dependence of F2s/Fh on -ecpo/co i s  shown i n  
Figure 2, b (curve 2) .  

On the  basis of (29) and ( 5 8 ) ,  w e  have 

When t h e  influence of t he  f i e l d  i s  disregarded, formula (59) coincides 
with (6), as m u s t  be t h e  case. 
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(b) The body ve loc i ty  i s  much l e s s  than t h e  thermal ion veloci ty .  /252 
The expression f o r  t h e  braking force i n  t h i s  case has t h e  form (see 
Figure 3, b, curve 2) :  

00 


In  t h e  case of e 1 %  

and i n  t h e  case of e 

Let us now examine t h e  force F caused by p a r t i c l e s  which do not 
co l l i de  with t h e  body, but  which onty i n t e r a c t  with t h e  e l e c t r i c  f i e l d  
produced by the  body charge. 3ecause t h i s  i s  a Coulomb f i e l d ,  we can 
make immediate use of t h e  well-known expression f o r  t h e  braking force 
of a Coulomb charge i n  a plasma, which i s  usual ly  ca l led  t h e  dynamic 
f r i c t i o n  force [see (Ref. 14, 15)J: 

where G(x) i s  t h e  function introduced by Chandrasekhar (Ref. 14) :  

&pression (63) only takes  i n t o  account p a r t i c l e s  i n t e rac t ing  
s l i g h t l y  with t h e  f i e l d ,  which make t h e  main contr ibut ion t o  t h e  
braking force  F, f o r  large values of D/&. The m a x i m u m  c o l l i s i o n  
parameter bm thus equals t h e  Debye radius.  The m i n i m u m  parameter b 
equals t he  l a r g e s t  of t h e  two quant i t ies :  The body radius  R, o r  t h e  
dis tance b l  a t  which t h e  p a r t i c l e  t r a j e c t o r y  changes g rea t ly  under the  
influence gf t h e  f i e l d .  For example, fo r  ions bl = -ecpG/Mv". Thus, 
t h e  Coulom% logarithm f o r  ions 1, (bm/bi) i n  formula ( 3) i s  

The Coulomb logarithm i s  determined i n  a s i m i l a r  way f o r  e lectrons.  

If t h e  body ve loc i ty  i s  much l e s s  than t h e  ion therma,l veloci ty ,  
then 
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A graph showing the  dependence of Fci/Fln on -eR/kT i s  given i n  Figure 3,a 
(curves 3 ) .  

If the  body ve loc i ty  i s  much g rea t e r  than  the  ion thermal ve loc i ty ,  
then 

It i s  shown i n  Figure 2, b (curves .3 ) .  We should note t h a t  t h e  force Fci 
decreases with an increase i n  the  body ve loc i ty  i n  t h e  case of co > kT. 

I n  the  case of Vo .>vC(M/m)'I6, i n t e rac t ion  with electrons becomes 
decis ive.  Figure 4 
force Fc/A on d m y

r e sen t s  a graph showing t h e  dependence of t h e  t o t a l  
/253Here A = 4 r i b 2 N O  (e%)" 1n ( b / b )  /kT. It w a s  

thus  assumed t h a t  b i  = be = b and t h e  ra , t io  M/m M 1 .84010~(hydrogen). The 
firstm i m u m  F /A occurs f o r  ,,/a- 1.0; t h e  second m a x i m u m  occurs f o r  
,/c0/kT , & ~ - ~t he  minimum Fc/A occurs f o r  ,/aFc/A42.9; >= 5.0. 
equa.ls 0.214 a t  t h e  f i r s t  and second max ima ;  Fc/A equals 0.064 at t h e  
minimum. 

The dependence of t he  force  Fls/A on ,/- i s  shown i n  t h e  same 
f igu re  f o r  d i f f e r e n t  values of e Icp,I /kT, when the  body ve loc i ty  i s  much 
g rea t e r  than t h e  ion thermal ve loc i ty  and the  ra, t io e I 'po I /co i s  s m a l l  
i see  (28)]. In (D/Ro) i s  assumed t o  equal 10. 

Figure 4 

Dependence of Braking Force Fn on Body Velocity 
and Dependence of Force Fls/A on Co/kT f o r  

Different  Values of e/qIo/kT 

Figures 2 and 3 show t h e  t o t a l  braking forces  of the  body by incident  
and r e f l ec t ed  (with neu t r a l i za t ion )  ions as wel l  a.s by ions sca t te red  by 
t h e  f i e l d  (curves 4) .  If t h e  body ve loc i ty  i s  much l e s s  than the  ion thermal 
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veloci ty ,  it can be seen from Figure 3, a, b t h a t  f o r  s m a l l  el qol/kT ions 
co l l i d ing  with t h e  body su r face  play t h e  main r o l e  i n  body braking by ions.  
I n  t h e  case of e I cpo I /kT 2 1, ions in t e rac t ing  only with t h e  e l e c t r i c  
f i e l d  i n  t h e  v i c i n i t y  of t h e  'body play t h e  main ro l e .  Since i n  t h i s  case 
F, N .Fci, and t h e  braking fo rce  by incident  e lec t rons  i s  much les:: than t h e  
braking force by incident  ions, it i s  c l e a r l y  apparent t h a t  t h e  body braking 
force i s  pr imari ly  caused by ions co l l i d ing  with t h e  body surface f o r  small 
e /kT, i.e., F = Fs. In t h e  case of e 2 kT, the  body braking 
force i s  pr imari ly  caused by ions in t e rac t ing  with t h e  e l ec t r i c  f i e l d ,  i .e .  ,
F - Fci, where t h e  force  Fci i s  given by formula (66). 

If the  body ve loc i ty  i s  much grea te r  than the  ion thermal veloci ty ,  -

it can be seen from Figure 2, a, 'b t h a t  f o r  small  e I /E, ions co l l id ing  
with t h e  body surface make t h e  main contrzbution t o  t h e  ion  body-braking force.  
I n  the  case of e I:&\ /E, 2 1, ions in t e rac t ing  with t h e  e l e c t r i c  f i e l d  i n  
t h e  v i c i n i t y  of t h e  body make t h e  main contribution. Thus, f o r  s m a l l  
e Icpol /E,, i f  condition co/kT > O.b(ecpo/kT);? In  (D/%) (see Figure 4) i s  
f u l f i l l e d ,  t h e  braking force  'by ions co l l i d ing  with t h e  body surface i s  a 
decis ive factor ,  i.e., F N Fs. I n  t h e  case of e 2 Eo, t h e  dynamic 
f r i c t i o n  force F makes t h e  ma'n contr ibut ion t o  t h e  body braking force.  
I n  t h e  case of / m B  (M/m)176, t h e  dynamic f r i c t i o n  force  of e lec t rons  
Fee makes the  main contribution. 
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ASlT4l?I" IC FORM OF TRE TRAIL OF A BODY 
MOVING IN A RCLREFIED PLAw 

Yu. M. Panchenko 

It i s  most i n t e r e s t i n g  t o  study t h e  s t r u c t u r e  of t h e  t r a i l  formed /254 
behind a body A moving i n  a plasma (Ref. 1-4).  The occurrence of a 
d is turbed  e l ec t ron  and ion concentration i n  a plasma can be reduced to 
solving a system of c o l l i s i o n l e s s  k i n e t i c  equations f o r  t h e  d i s t r i b u t i o n  
func t ion  of charged p a r t i c l e s ,  and t h e  Poisson equakion f o r  a s e l f -
cons is ten t  p o t e n t i a l .  The necess i ty  of employing k i n e t i c  equa,tions i s  
based on t h e  f a c t  t h a t  t h e  mean f r e e  paths li e,n, i n  t h e  plasma which 
we s h a l l  inves t iga te ,  a r e  much g rea t e r  than  t h e  dimensions of t h e  body 
i t s e l f  h, as we l l  as t h e  cha , rac te r i s t ic  dimensions of t h e  s t rongly  
d is turbed  region fa] beyond A, i .e. ,  

l i ,  c ,  >{9]:>E*. 

The Debye rad ius  D = / k m E ,  i s  a l s o  an important parameter i n  
t h i s  problem, i .e. ,  t h e  d is tance  a t  which t h e  f i e l d  of a poin t  charge 
i s  screened. I n  i t s  general  form, t h e  so lu t ion  of t h i s  problem i s  
very d i f f i c u l t ,  s ince  t h e  system of equations describing t h e  disturbances 
i s  multidimensional and e s s e n t i a l l y  nonlinear. 

The influence of t h e  e l e c t r i c  f i e l d  on t h e  s t r u c t u r e  of t h e  distur.bed 
zone w a s  considered in t h e  works (Ref. 1-3) f o r  a sphere of t h e  rad ius  FQ, 
which i s  much l a rge r  than  t h e  Debye radius,  and f o r  a s m a l l  charged body 
(Ref. 1, 4) i n  t h e  case of supersonic motion of bodies. However, a more . 
comprehensive ana lys i s  of t h e  corresponding r e s u l t s  and numerical calcula
t i o n s  a r e  r e q u i s i t e  f o r  studying t h e  s t ruc tu re  of t h e  disturbed zone. This 
w a s  p a r t i a l l y  done i n  (Ref. 6) The d i s t r i b u t i o n  of p a r t i c l e s  ayound A 
has a l s o  been studied i n  works which have appeared r ecen t ly  (Ref. 7, 8).  

The present study i s  devoted t o  a more de t a i l ed  inves t iga t ion  of t he  
t r a i l  s t ruc tu re  i n  a d i s t a n t  zone (Ref. 11). By means of a l i nea r i zed  
theory (Ref. 1, 2, 6), t h e  disturbances i n  t h e  concentrations of ions a,nd 
n e u t r a l  p a r t i c l e s  have been studied f o r  d i f f e r e n t  r a t i o s  a. = Vo/vi of 
t h e  body's ve loc i ty  Vo to t h e  thermalvelocity V i  of ions. The corresponding 
r e s u l t s  were obtained f o r  a sphere, a cylinder,  and a 'body whose dimensions 
a r e  much smaller than t h e  Debye radius.  The so lu t ion  of t h e  corresponding 
system of equations i n  t h e  Fourier components N q and cp has t h e  following /255 
form ( R e f .  1, 2): 
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where N i s  t h e  ion  concentration; cp - t h e  f i e l d  po ten t i a l ;  J(u) - t h e  
c o l l i s i o n  in t eg ra l ;  n = %./Iql - t h e  u n i t  vector.  

I n  (1)J(u)  i s  t h e  only parameter which t akes  i n t o  account t h e  form and 
dimensions of A, i t s  ve loc i ty  VO, t h e  length of t h e  region a,, and a l s o  
t h e  nature  of the i n t e r a c t i o n  between t h e  space charge Qq and t h e  plasma. 

It i s  na tu ra l ly  impossible t o  ca l cu la t e  J ( u )  i n  t h e  general  case, s ince  t h e  
e l e c t r i c  f i e l d  around the body i s  not known. Therefore, i n  each s p e c i f i c  
case d e f i n i t e  assumptions m u s t  be formulated regarding the  form of J(u) .  

1. A WEAIILY-CHARGED SPHERE OF THE RADIUS &, 
WHICH I S  LARGE AS CQMPARED WITH THE DEBYE RADIUS 

If t h e  sphere A i s  weakly charged, t h e  e l e c t r i c  f i e l d  r p ( r )  of t h e  
body A i s  screened e n t i r e l y  by ions i n  the Debye layer ,  and t h e  f i e l d  
~ ( r )penet ra t ing  t h e  plasma, f a r t h e r  than t h e  Debye ra,dius i s  s m a l l .  
The energy acquired by an ion located i n  t h e  f i e l d  m,(r) i s  much less 
than t h e  k i n e t i c  energy of ions with respect  t o  t h e  body ecp< MVo2/2, 
a,nd it can be disregarded i n  compa,rison with MVo2/2. Ions with t h e  
impact parameters p which are smaller tha,n p< i-D a r e  absorbed by 
t h e  body. 

For t h i s  reason, t he  inf luence of t h e  e l e c t r i c  f i e l d  on t h e  quant i ty  
J (u)  can be disregarded, and it can be assumed t o  equal the  number of ions  
impacting on t h e  surface of  t he  body, i .e . ,  

The subs t i t u t ion  of (3) i n  (1)yie lds  t h e  following f o r  t h e  sphere 
( R e f .  1, 2) :  

AYq= 
nn;No F ( a )  (1-;-0 (a ; " ) )- (4)

'I 
- ri0 - 2 ia l ' ia )  ' 

The inf luence of t h e  e l e c t r i c  f i e l d  i s  denoted by a denominator i n  
t h i s  formula. If it i s  assumed tha t  t h i s  denominator equa,ls uni ty ,  then  
t h e  r i g h t  por t ion  of (4) i s  a Fourier form of the corresponding expression 
f o r  n e u t r a l  p a r t i c l e  concentrations.  

I n  ordej: t o  determine t h e  dis turbance of t h e  ion concentration from N 
it i s  necessary t o  perform reverse Fourier transformation: 9' 
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-I -sln8 sin8 I 

Figure 1 

This was performed i n  (Ref .  6). According t o  (Ref .  6), t h e  dis turbed ion 
densi ty  is  given by t h e  expression 

A spherical  coordinate system with a polar  axis i s  se lec ted  here on t h e  /256
basis of t h e  d i r ec t ion  V,; 8, r a r e  respect ively,  t h e  polar  angle, and 
thealength of t h e  vector  r. A t  la rge  d is tances  6 N i ( r ,  8)  decreases as 
l/r . The angular funct ion f i (@,  8)  i s  determined by t h e  expression 

where t h e  i n t e g r a l  f o r  t i n  (7) i s  chosen according t o  t h e  contour 
C*(-1.1), shown i n  Figure 1, and t h e  function 

CD (no, t )  = F (not)[2  + iaotP(sot)]-'. 
(8) 

Performing in tegra t ion  with respect  t o  t h e  contour C*, and taking -he f a c  
in to  account t h a t  Re @(sot) i s  an even function, and Im @(a,Jt)i s  an 
uneven function, w e  f i n a l l y  have 

344 




The angular function fi( .a*, 8) w a s  calculated numerically f o r  d i f f e r e n t  
7, 6 ,  5 ,  4, 3, 2 which corresponds t o  t h e  ve loc i ty  of t h e  
6 ,  5, 4, 3, 2 km-sec-' f o r  a plasma temperature of T = 1500°. 

42 

0.f 

D 

Figure 2 presents  t h e  r e s u l t s  derived from ca lcu la t ing  fi(a0, 8) f o r  
d i f f e ren t  values of +. It can be seen from Figure 2 t h a t  t h e  ca lcu la t ion  
of t he  ion concentration disturbance, taking t h e  e l e c t r i c  f i e l d  i n t o  account, 
leads t o  an angular dependence which i s  new as compared t o  neu t r a l  p a r t i c l e s  
and t o  a general  decrease i n  6 N i ( r ) ,  as compared with 6n( r ) .  The disturbance 
maximum i s  now reached a t  t h e  angle 8, to t he  d i rec t ion  which i s  opposite 
t h a t  of t he  body's motion, i .e . ,  on the  surface of a cone ha,ving t h e  angle 
of opening 2em,which i s  an analog of t h e  Mach cone i n  hydrodynamics. For 
a. = 8, 7, 6, 5 ,  4, 3, we accordingly have 8, = 0.155, 0.178, 0.21, 0.25,
0.31, 0.45. The disturbance has a minimum along t h e  ax is  of t h e  body's 
motion - i .e.,  G N i ( a 0 ,  8 = 8,) < Ni(ao,  8 = 0). 

It i s  i n t e r e s t i n g  t o  note t h a t  f o r  + = 3 and large values of /;157
ao(+ % l), fi(a0, 8 )  depends only on one parameter 5 = a. s i n  8. 
Therefore, t h e  curves of f i(ao,  8) a r e  t h e  same i n  Figure 2 with respect  
t o  S f o r  a. = 3, 4, ...8.  

We should note t h a t  t h e  r a t i o  fi(k, 8 m ) / f i ( a o ,  8 = 0) ( i .e . ,  t h e  
value of f i ( a o ,  8,) a t  t h e  disturbance maximum) t o  f i ( % j  8 = 0), where 
t h e  disturbance i s  a t  a minimum f o r  a l l  a > 3, i s  close t o  3.32 - i .e . ,  
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The mathematical meaning of t h e  r e s u l t s  obtained can be r e a d i l y  
understood. It follows from (9) t h a t  f o r  a. 3, f i ( a D ,  8)  depends not 
on t h e  two parameters a. and 8, bu t  on one parameter 5 = s i n  8, 
s ince  t h e  last two terms i n  (9)equal zero f o r  a. >/ 3. By determining 
t h e  angular func t ion  i n  t h e  form (g), we performed in t eg ra t ion  i n  (7) 
with respec t  t o  t h e  contour C*, i.e., w e  employed t h e  p rope r t i e s  of t h e  
function a t  t h e  cocL,our, where y(ao s i n  8 , t )  has i t s  own p e c u l i a r i t i e s .  
When t h e  contour CR i s t r a v e r s e d  (Figure l), it i s  poss ib le  t o  determine 
t h e  same func t ion  f i (ao,  e ) ,  but employing t h e  f e a t u r e s  %(t).A s  can be 
seen from ( 8 ) ,  m(t) has f ea tu res  only i n  t h e  form of d i s c r e t e  poles, which 
l i e  a t  t h e  same po in t s  where t h e  fi;nction W(z) has zeros:  

:/- ;E
l V j z )  = 1-z c - z z  L‘lc&. .+ i 1_2- - “ C : z  0. (10) 

By determining t h e  roo t s  Zn(lO), we can determine f i (ao,  0 )  as t h e  sum of 
t h e  residues along a l l  t h e  poles.  

The phys ica l  meaning of t h e  obtained angular d i s t r i b u t i o n  f o r  t h e  
disturbance ‘behind t h e  ‘body can be r ead i ly  understood. 

If s u b s t i t u t i o n  i s  performed i n  W(z) i n  t h e  form of (10) :  
T - ”‘-:- ic,,” 

-. -I 0 C G s $  +-~ 

I 
7’ 2’ I L  

2i, 

then W(z) i s  t h e  l e f t  s ide  of t he  d ispers ion  equation 

which determines t h e  poss ib le  spectrum of long i tud ina l  fl c t u a t i  ns  i n  a n  
e lec t ron  -ion plasina, which correspond t o  ion  sound waves ?Ref. 99. 

The d ispers ion  l a w  f o r  such acous t ic  waves f o r  T i ?  T, i s  known 1258
(Ref. lo), na,mely: 

o (/;I = a’( L )  + i<,j”(j;)= ; ~ f % ~ ~ 7 ~ . - b i - i , ~ s(1 - i(I,z:jj/;. 

Since W“(k) and W’(k) a r e  comparable, t hese  sound f luc tua t ions  must be 
g rea t ly  a t tenuated  i n  a plasma having a s ing le  temperature. 

Thus, f o r  t h e  supersonic motion of t h e  body which i s  present ly  being 
exa,mined, phenomena r e l a t e d  t o  t h e  generation of a,coustic waves a r e  possi’ble 
i n  t h e  d i s t r i b u t i o n  of ions around A, and do actua,l ly appear. The m a x i m u m  
perturbakion of t h e  ion concentrakion i s  observed on a surface coinciding 
with t h e  Ma.ch cone for ion-sound wa.ves ( see  Figure 2) a,t angles of 
S, = a r c t g  l . 3 m 0 2 .  However, due t o  t h e  f a c t  t h a t  these  waves a r e  
s t rongly  att,enuated, t h i s  Mach cone i s  l e s s  sharply expressed than i n  normal 
hydrodynamics. The k i n e t i c  energy of t h e  ‘body i s  t h e  energy source of wave 
exc i ta t ion ,  i.e., t h e  body i s  damped. 
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Figure 3 

2. Perturbatioli  i n  t h e  Vicini ty  of a Weakly-Charged Cylinder (%> D )  

J u s t  as i n  t h e  case of a sphere, when an in f in i t l y long  cyl inder  C 
moves i n  a plasma, two regions can be dis t inguished behind it: t h e  close 
region 01 where t h e  per turbat ion 6 N i ( r )  of t h e  ion concentration i s  large,  
and t h e  far region &, where G N i ( r )  i s  small. Such a problem i s  s i m i l a r  
t o  the  problem f o r  a sphere. I t s  so lu t ion  i n  Fourier components has t h e  

(10 


where t he  funct ion J ( u ) ,  j u s t  as i n  the  case of a sphere, i s  described i n  
the  form 

J (ZL) = xRo j u -Vo j f o  EZ ;tXofoVo. 

Subs t i tu t ing  (l.2) i n  (ll), we f ind  t h a t  
F ( " 1  -N ,  = 2f20N 

O 
a 

O (I (2$.iclP ( a ) )  ' 

where F(a) i s  determined i n  the  form of (2a) .  The reverse  Fourier t r ans fo r 
ma,t ion 

a t  t h e  po1s.r coordinates r, 8 y i e lds  

The i n t e g r a l  v i t h  respect  t o  dq diverges  f o r  la rge  q, which i s  r e l a t e d  t o  
t h e  f a c t  t h a t  Nq i n  t he  form of (11) i s  v a l i d  only f o r  s m a l l  q(q<< l/R,a). 

347 



Figure 4 

For l a rge  q, i .e.,  a t  s m a l l  d is tances  from C, N q  decreases more rap id ly  
than l/q. Therefore, i n  order t o  a t t r i b u t e  t h e  cor rec t  meaning t o  t h e  
i n t e g r a l  with respect  t o  dq, we must make it convergent, but must not 
change the  behavior of t h e  integrand f o r  s m a l l  q .  I n  order t o  do t h i s ,  
l e t  us go around t h e  contour C* (see Figure 1). After  t h e  c i r c u i t ,  we 
have .. 

where t h e  symbol P.V. means t h a t  t h e  i n t e g r a l  must be taken i n  t h e  & 
meaning of t h e  p r inc ipa l  value. Final ly ,  i n  t h e  region R2 t h e  ion d i s t r ibu 
t i o n  f o r  t h e  cyl inder  is:  

Here 
-

tic(a,, 6) = Rc (1) (a, sin 0) +-	 Ill1 0 (aoz) 
cos (0 - a )  - da 

(1-7) 

and @(ao,t )  i s  determined from (8). A s  can be seen from (16), at  la rge  d i s 
tances  from the  cyl inder  t h e  per turbat ion of ion concentrakion decreases 
as l/r. 

The angular function fic(ao, 0 )  i s  calculated f o r  t h e  values ~ = 8 , 7...1. 
The r e s u l t s  are shown i n  Figures 3 and 4. Figure 3 i s  constructed i n  a 
Descartes coordinate system; t h e  angle 8 i s  p l o t t e d  along t h e  abscissa,  and 
t h e  absolute value fic(ao, 8)  i s  p lo t t ed  along t h e  ordinate .  I n  Figure 4,

/260fic(&, e )  i s  formulated i n  a polar  coordinate system. The angular 
functions f .(%, 0 )  f o r  a sphere and a cyl inder  i n  t h e  case of ao= 8 and 3 
a re  compare2 i n  Figure 5. It can be seen fromi,Figure 5 t h a t  fi(aoy e )  and 
fie(&, 8 )  have t h e  same nature.  The maximum perturbat ion corresponds t o  
angles which are c lose  t o  em f o r  a sphere. 
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Figure 5 

I n  cons t ras t  t o  t h e  sphere A, f o r  fie(%, e) a s i m i l a r i t y  i s  observed 
f o r  f ic (a0 ,  e) i n  t h e  case of la rge  a. >' 6 ) ,  and has t h e  following 
fea tures :  

The l a t t e r  condi t ion i s  r e l a t e d  t o  t h e  f a c t  t h a t  when t h e  cyl inder  
moves it exc i t e s  c y l i n d r i c a l  ion-sound waves, while a sphere exc i t e s  
spher ica l  waves, whose i n t e n s i t y  must be n t imes g rea t e r  than t h a t  of 
cyl indrica, l  waves. It can a l s o  be assumed from (18) and (19) t h a t  t h e  
zone 4 i n  a moving cyl inder  begins approximately TT t imes f a r t h e r  away 
than i n  a sphere. 

3. Small Body 

Let us  now examine a body moving i n  a plasma with t h e  charge Q = Ze. 
The dimensions of t h i s  body are much s m a l l e r  than  t h e  Debye radius ,  and 
we s h a l l  regard it as a "point" body. More prec ise ly ,  t h e  smallness of 
t he  body i s  determined by means of c r i t e r i o n  ( 2 3 ) .  W e  must keep t h e  f a c t' i n  mind t h a t  t h e  so lu t ion  of t h i s  problem w i l l  be v a l i d  i n  spec i f i c  cases 
f o r  bodies having f i n i t e  dimensions. 

The per turba t ion  of t he  ion concentration w a s  determined i n  t h e  work 
(Ref. 5) by t h e  per turba t ion  methodg The Fourier component N

9 
i n  t h e  

f irst  approximation i n  powers of Ze q has t h e  following form without a 
magnetic f i e l d :  kT 

349 



However, it w a s  shown i n  t h e  work (Ref- 1, 2) t h a t  a t  la rge  dis tances  from 
t h e  body t h e  r e s u l t s  of (Ref. 5) are2incosrect ,  s ince i n  t h i s  case t h e  /261 
terms which are proport ional  t o  (qZe /kT) must a l s o  be taken i n t o  consid
erat ion.  I n  t h e  Fourier components, t h e  corresponding so lu t ion  is as 
follows : 

For a point body, t h e  function J(u) equals t h e  number of ions scat tered 
per  u n i t  of t i m e  by t h e  f i e l d  of t h e  body charge. 

J (u)= 2~fJ 'o  {UT; + .:I - (Vo\r)2) \ 6' (p) p dp. (22) 

If t h e  charge of t h e  body A i s  s u f f i c i e n t l y  s m a l l ,  and if 

then t h e  f i e l d  cp(r), which penetratesthe plasma f a r t h e r  than D, i s  s m a l l  
and i t s  contr ibut ion t o  t h e  sca t t e r ing  cross  sect ion can be disregarded. 
I n  t h i s  case, t h e  main contr ibut ion t o  J ( u )  i s  only made by t h e  values 
O f  t h e  impact parameter p which a r e  smaller than t h e  Debye radius,  where 
it can be assumed t h a t  it i s  a Coulomb f i e l d .  

However, f o r  purposes of s impl i f ica t ion  we s h a l l  not t runca te  t h e  
radius  of ac t ion  of t h e  Coulomb forces,  bu t  r a the r  t h e  impact parameters 
p, assuming t h a t  t h e  maximum value of p equals D. In  other words, it 
i s  assumed t h a t  ions a r e  influenced by cp(r) throughout a l l  of t h e  motion 
i n  t h e  case of p < D. 

The computational r e s u l t s  f i n a l l y  y i e ld  (Ref. 1, 2):  

D 1  [I-(u $ ) 2 1  {(I-3a2) I; ( a )  $.2 i a )  (24)
0 1-2aN0ne2I n  -- -

2 (Dq)2+ 2 + ial' ( a )  7P l  9 

and t h e  per turba t ion  N ( r )  i s  determined - j u s t  as above - by means of 
inverse N

cl 
- Fourier transformation. The complete computation, however, 

i s  complex, and it i s  impossible t o  complete it ana ly t i ca l ly .  Therefore, 
we s h a l l  f i r s t  examine per turbat ion of ion concentration a t  la rge  dis
tances  from a charged body. According t o  (24), t h e  quant i ty  Nq has an 
asymptotic form i n  t h e  case of Q - 0 :  
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Figure 6 

Introducing a spher ica l  coordinate system w i t h  t h e  axis along Vo and 
designat ing the  angle between I: and Vo by means o f  8 as i s  usual ly  done, 
w e  have : 

6Ni (1.) = (1.)+ 6!V?' (1.) = 

where 

The i n t e g r a l s  i n  (26) with respect  t o  dq diverge f o r  la rge  q, which i s  /262 
due t o  t h e  f a c t  t h a t  (25) i s  only va l id  f o r  s m a l l  q. Therefore, i n  order 
to a t t r i b u t e  t h e  cor rec t  meaning t o  d N ( r ) ,  i n t eg ra t ion  with respect  to q 
i n  (26) i s  performed along t h e  contour C* (see Figure 1). Taking i n t o  
account t h e  given se l ec t ion  of branches and in t eg ra t ing  t h e  f i rs t  term by 
p a r t s  t h ree  t imes i n  (26) - and t h e  second term, two t i m e s  - w e  f i n a l l y  
have : 
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sin 9 

f l  (a,, e) =2& [ao 1 Re 17 (uot)J/sin2 0 -t 2dt - ' 

0 


silt 0 

-ao Im li'" (a,) cos 8 In (1 + cos 8) -u: \ Re 17' (sot) arc sin -t 
dt fsin 0 

0 

and fa (m,  e )  i s  aetermined according t o  ( 9 ) ,  if we subs t i t u t e  K(ao ,  6) 
instead of @(my0 ) -

The obtained expressions a re  only v a l i d  at  la rge  dis tances  from t h e  
body. The f i rs t  term i n  (27) produces a decrease i n  t h e  per turbat ion 
6 N i ( r ,  8) as l/r3; t h e  second term - as l/r2. Numerical computations 
were performed i n  order t o  determine t h e  form of t h e  angular dependence 
f (k, 0 ) .  The curves of t he  f'unction fi (+, 8) are compiled i n  Figure 6 
as a function of 8, when a0 changes from 8 t o  2 . 

The angular funct ion of t h e  ion concentration f a ( % ,  e )  f o r  a /263
point  body has t h e  following features .  I n  t h e  f irst  place, t h e  curves 
i n  Figure 6 "$5, i m i l a r  with respect  t o  5 = s i n  8. I n  t h e  second 
place, fo r  6N ?r) an a l t e rna t ion  of crowding occurs with ra refac t ion .  
On t h e  axis which i s  opposite t h e  motion of t h e  body, there  i s  an increase 
i n  t h e  ion concentration as compared with No, which takes  place by a de
p le t ion  of t h e  adjacent regions, i .e. ,  N i ( a o ,  8 = 0) > NO - a f'focusing" 
O f  ions occurs on t h e  -VO axis. Jus3 as previously, t h e  maximum ra refac
t i o n  i s  achieved on a cone with t h e  angle of opening 
20m = 2arctg 1.3OJ2kT / MVo2. After  t h e  r a re fac t ion  there  i s  a new 
crowding, which i s  s m a l l  i n  terms o f  magnitude; t h e  m a x i m u m  of t h i s  crowding 
l i e s  on t h e  cone with t h e  opening 26 1:48,. 

The ion concentration d i s t r i b u t i o n  at  d is tances  on t h e  order of, or 
more than, t h e  Debye rad ius  requires  a spec ia l  invest igat ion.  I n  t h i s  
case it i s  necessary t o  determine t h e  inverse Fourier transformation from 
N I n  the  form of (24). The f i rs t  term i n  (24) thus  produces an increase 
i n  t h e  per turbat ion a t  small distances  from t h e  body as l/r; t h e  second 
term - as ln r. However, t h e  form of t h e  dependence of N ( r ,  e )  on r and 8 
i s  complex, and we s h a l l  present it here without intermediate computat5ons 
( R e f .  11). 

It i s  c l ea r  t h a t  f o r  large r - t h e  4 region - t h e  second term i s  t h e  
main term i n  (27).  
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where 1 w 

I l ( r , 8 ) =  \ d t \ d x J o  ( x $ s i l 1 8 ~ ~ z ) c o s ( z ~ c o s 8 t ) R e K( 2 , t ) ;  
0 0 


In conclusion, I would l i k e  t o  express my appreciation t o  
Ya. L. Al 'per t ,  and L. P. Pitayevskiy for discussing t h e  problems 
examined i n  t h e  a r t i c l e .  
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pEKCURl3m Z O N E ' S T ~ ~ R E  THE VICINITY O F  A 
CYLINDRICAL BODY I N  A PLASMA 

A. M. Moskalenko 

This a r t i c l e  employs a k i n e t i c  theory t o  ca lcu la te  t h e  e l e c t r i c  
f i e l d  and plasma per turba t ion  i n  t he  v i c i n i t y  of a charged, i n f i n i t e  
cylinder,  when the  cyl inder  radius  R, i s  much grea te r  than t h e  D5bye 
radius  D. A similar problem has been studied f o r  a spher ica l  body i n  
(Ref. 1, 2).  

The expressions obtained i n  (Ref. 3) a r e  anployed f o r  t h e  concen
t r a t i o n  of a t t r a c t e d  and repulsed p a r t i c l e s  i n  a c y l i n d r i c a l  p o t e n t i a l  
f i e l d  when t h e r e  i s  a f u l l y  absorbent c y l i n d r i c a l  surface.  After t h i s ,  
t h e  problem i s  reduced t o  in tegra t ing  t h e  Poisson equation f o r  t h e  f i e l d  
p o t e n t i a l  cp( r)  

with the  boundary conditions cp(%) = o.%, q+ - = 0, where r i s  t h e  d i s 
tance from t h e  cyl inder  axis; e - ion charge (e lec t ron  charge = -e) ,  and 
N i b ,  cp) and N e ( r ,  cp) - concentrations of e lectrons and ions, respect ively.  
For purposes of determinacy, we assume t h a t  y+, > 0, so  t h a t  e lec t rons  a r e  
the  a t t r a c t e d  p a r t i c l q  and ions a re  t h e  repulsed p a r t i c l e s .  However, a l l  
of t he  inves t iga t ion  conducted below i s  completely symmetrical with 
respect  t o  t h e  charge s ign of a cylinder.  P a r t i c l e s  which have f i n i t e  
(with respect  t o  r) motion a r e  :lot taken i n t o  account. 

Equation (1) can be rewr i t ten  as follows in  dimensionless var iab les  
5 = r/�?,,, cpfc = eq/kT: 

Since a h r g e  parameter occurs before t h e  r i g h t  s ide  of equation ( 2 ) ,  it 
i s  c l e a r  t h a t  everywhere where & cp*t h e  so lu t ion  f o r  equation (2) 

dz  D 
coincides with the  so lu t ion  of t h e  quas ineut ra l i ty  equation 
Ne( 5 ,  @) = N. ( z2 @), within an accuracy of s m a l l  terms on t h e  order of 
(D/&cp")"(d@Tdz) . The l a t t e r  condition i n  the  v i c i n i t y  of a cyl inder  
having a l a rge  radius,  f o r  po ten t i a l s  cpo which are not t o o  large,  i s  ful
f i l l e d  only i n  a double layer  having a thickness  on t h e  order of t h e  Debye 
radius  c lose t o  t h e  cyl inder  surface.  I n  t h e  expression f o r  Ni cp(&,) = cpo, 
i .e. ,  t h e  f i e l d  p o t e n t i a l  on the  body surface, and i n  t h e  expression f o r  Ne 
i n  t h e  same equation cp(G>-- ~ ) l ,  where cpl i s  the  boundary value of t h e  
po ten t i a l .  The p o t e n t i a l  cpl represents  a so lu t ion  of t h e  equation /265
Ne(5, @> -- N i ( 5 ,  @) i n  t h e  case of r -+ Q, i .e.,  i n  t he  case of -1 
[see (Ref. A)]. 
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Field Po ten t i a l  Change i n  t h e  Vicini ty  of t h e  
Body f o r  ecpo/kT 9 1 

P a r t i c l e  Concentration Change i n  t h e  Vicini ty  of t h e  
Body for ecpo/kT 9 1 

The so lu t ion  of equation (2) can only be successfully obtained by 
t h e  i t e r a t i o n  method. Figure 1presents  t h e  corresponding dependence 
@(<), and Figure 2 presents  the  dependence of ion concentration on d i s 
tance from t h e  cyl inder  axis. 

The e lec t ron  f lux  per un i t  length of t h e  cyl inder  surface can be 
determined by t h e  formula i n  (Ref. 4) 

356 




I f f  

i<3 

5 


n 

5 I(I 

n 
Figure 3 

Dependence of Field Potent ia l ,  i n  Double k y e r  
Around a Cylindrical  Body Surface i n  t h e  Case 

of Q = 10 kT/e, Upon Distance &om t h e  Body Sbrface 

Figure 4 

Dependence of Concentration of Pa r t i c l e s  Attracted (1) 
and Repulsed (2) i n  a Double Layer f o r  cpo = 10 kT/e 

Upon Distance From t h e  Body Surface 

where &,e i s  t h e  p a r t i c l e  f lux  per  unit length of t h e  cylinder surface in 
t h e  absence of a f i e l d ,  &,e = 2 N o h  e; m - e lec t ron  m a s s  and No 

2m 
e lec t ron  concentration i n  a31 unperturbed plasma, and Q(x) - probabi l i ty  
in tegra l .  The ion f l u x  per  u n i t  length of t h e  cylinder surface,. as w a s  
shown i n  (Ref.  3 ) ,  i s  determined by the  simple expression 
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where M i s  t h e  ion mass. Taking into account t h e  expresslons obtained 
for  e lec t ron  and ion fluxes, w e  can n a t u r a l l y  formulate t h e  probe 
cha rac t e r i s t i c s  - t h e  curve showing t h e  dependence of t h e  flux per  u n i t  
length of t h e  cyl inder  surface 

upon the  surface poten t ia l .  

In  a double layer  around t h e  cyl inder  surface,  t h e  e lec t ron  and 
ion concentrations d i f f e r  subs tan t ia l ly .  In  t h i s  zone we must solve 
t h e  t o t a l  equation (1)with allowance f o r  t h e  following boundary con
d i t i ons :  I n  t h e  case of 5 0, t h e  f i e l d  p o t e n t i a l  qF = %*, and i n  
t h e  case of 5 - t h e  p o t e n t i a l  @ = q*,where cpl i s  the  f i e l d  poten
t i a l  at t h e  do-&le layer  boundary. 

Numerical i n t eg ra t ion  of t h i s  equation y i e l d s  t h e  f i e l d  p o t e n t i a l  
dependence on d.istmce; Figure 3 presents  t h i s  dependence f o r  %* = 10. 
The dependence of e lec t ron  and ion concentrations on dis tance in t h e  
double layer  i s  given i n  Figure 4. It can be seen from the  f igu re  t h a t  
t he  ion and e lec t ron  concentrations decrease subs t an t i a l ly  when the  
cyl inder  surface i s  approached. With an increase i n  p*, t h e  ion con
centrat ion decreases much more rap id ly  than t h e  e lec t ron  concentration. 
Thus, t h e  f i e l d  s t rength  i n  t h e  case of @ 1i s  

It can thus be seen t h a t  with an increase in t h e  surface p o t e n t i a l  
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%*, t h e  e l e c t r i c  f i e l d  s t rength  on t h e  cyl inder  surface,  j u s t  as i n  t h e  
case of a spher ica l  body (Ref. 1, 2 ) ,  increases  proport ional ly  t o  (@*)a,
i.e., very slowly. Correspondingly, t h e  double layer  thickness  - i .e . ,  
t h e  layer on t h e  body surface i n  which t h e  e l e c t r i c  f i e l d  p o t e n t i a l  
decreases considerably - i nc r  ases with an increase i n  the  surface poten
t i a l  proport ional ly  t o  (%*)3T4. I n  t h e  case of %*- 1, t h e  double 
layer  thickness i s  on t h e  order  of t h e  Debye radius .  For very lar  
values of t h e  f i e l d  p o t e n t i a l  on t h e  cyl inder  surface %*>z (%/D) 873 t h e  
double layer  dimensions 'become comparable t o  the  cyl inder  radius.  

All of t h i s  inves t iga t ion  w a s  conducted under t h e  assumption t h a t  
t h e  double layer  thickness  i s  much l e s s  than h. This i s  only va l id  
when 

The author would l i k e  t o  thank Ya.  L. Al'per t  and A. V. Gurevich 
f o r  discussing t h e  problems invest igated i n  t h i s  a r t i c l e .  
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INTbXVSIFICATION OF THE OUTER El2X’I”C FLFm Om THE 
SURFACE O F  A LARGE BODY I N  THE IONOSPHERF: 

I Lo L. Goryshnik, A. N. Dyukalov 

The amplif icat ion f a c t o r  of a weak e l e c t r i c  f i e l d  on t h e  surface /267
of a large body i n  t h e  ionosphere i s  computed. 

Ekperiments measuring t h e  e l e c t r i c  f i e l d  s t rength  i n  t h e  ionosphere 
were described i n  ( R e f .  1-31. The half-difference of two e l e c t r o s t a t i c  
fluxmeter readings w a s  u t i l i z e d  as the  quant i ty  character iz ing t h e  f i e l d  
strength; these  fluxme%ers were located at  d iamet r ica l ly  opposite po in ts  
i n  t h e  cy l ind r i ca l  sec t ion  of a rocket.  The quant i ty  measured w a s  thus  
anomalously high. The outer  e l e c t r i c  f i e l d ,  t h e  d i r e c t i o n a l  rocket 
veloci ty ,  and t h e  Earth’s magnetic f i e l d  can cause t h i s  asymmetry i n  t h e  
f i e l d  s t rength  on t h e  rocket surface.  The e f f e c t  of d i r e c t i o n a l  rocket 
motion and t h e  magnetic f i e l d  of  t he  Earth w a s  studied i n  ( R e f .  4). 

This a r t i c l e  s tud ies  the  dependence of t h e  f i e l d  s t rength  on t h e  
surface of a body i n  t h e  ionosphere upon a weak, outer  e l e c t r i c  f i e l d .  
Our i n t e r e s t  i n  t h i s  problem can be explained by t h e  f a c t  t h a t  i n  many 
of these  experiments (Ref. 1) t h e  magnetic f i e l d  w a s  perpendicular t o  
t h e  recorder surfaces,  and consequently could not cause t h e  great  
asymmetry of t h e  f i e l d  s t rength  on t h e  body surface.  I n  addition, i n  
these  experiments geophysical rockets were launched on v e r t i c a l  t r a j e c 
t o r i e s ,  which almost e n t i r e l y  excluded t h e  influence of d i r e c t i o n a l  ve l 
oc i ty .  Thus, only t h e  outer  e l e c t r i c  f i e l d  could cause t h e  f i e l d  s t rength 
a s m e t r y  on t h e  body surface i n  these  experiments. 

This e n t i r e  ana lys i s  i s  devoted t o  a s t a t iona ry  body located i n  an 
i n f i n i t e  plasma, i n  which the re  i s  no magnetic f i e l d  but t he re  i s  a weak 
constant e l e c t r i c  f i e l d .  Thk f i e l d  does not d i s tu rb  t h e  plasma neu t r a l i 
ty ,  and leads only t o  t h e  occurrence of a constant current .  A s  i s  known, 
an i so la ted  body located i n  a neut ra l  plasma i s  charged up t o  a ce r t a in  
poten t ia l ,  and t h e  p o t e n t i a l  difference between the  body and the  unper
turbed plasma i s  determined from the  condition t h a t  t h e  t o t a l  (e lec t ron  
and ion) current  on t h e  body equals zero. 

W e  s h a l l  assume that t h e  photoeffect and secondary emission can be 
disregarded. Then, t h e  i so la ted  body acquires a negative p o t e n t i a l  due 
t o  t h e  great  mobil i ty  of t h e  electrons,  and t h e  p o t e n t i a l  difference 
between t h e  body and t,he unperturbed plasma s ign i f i can t ly  increases t h e  
mean thermal e l ec t ron  energy. A s  a r e su l t ,  a space charge layer  i s  
formed close t o  t h e  body, i n  which pos i t i ve ly  charged ions a r e  predomi
nant. The thickness  of t h i s  layer  i s  on the  order of t he  Debye radius .  
Outside of t h e  layer, t he  plasma i s  quasineutral .  

kt us inves t iga te  t h e  space charge region. Since t h e  Debye radius  
i n  t h e  ionosphere i s  considerably l e s s  than t h e  cha rac t e r i s t i c  s i ze  of t h e  



rocket R, t h e  layer  can be assumed t o  be f l a t  a t  each point .  

In  a one dimensional case, t h e  Poisson equation f o r  t h e  p o t e n t i a l  
d i s t r i b u t i o n  caused by t h e  charged body within t h e  layer  assumes t h e  
f orin 

where e i s  t h e  e lec t ron  charge, and ne and n i  - e lec t ron  and ion densi
t i e s  at a c e r t a i n  point x .  Se t t ing  

e a = - - ,  
( 2 )  

we obtain 

rl':	-LJ = h e 2  (ni-ne). (3)d X 2  

We shah1 solve t h i s  equation with t h e  boundary conditions /268 

u(0 )= uo, 
u (2.3) = 0 .  (4) 

The approximate p o t e n t i a l  d i s t r i b u t i o n  i s  shown i n  t h e  f igure .  

The charged p a r t i c l e  dens i t i e s  i n  t h e  space charge layer  a re  de te r 
mined by the  expressions 

where fi(E) and f e ( E )  a r e  t h e  d i s t r i b u t i o n  funct ions of ions and e lec t rons  
i n  t h e  space charge layer ;  M and m - ion and e lec t ron  masses; E - t o t a l  
p a r t i c l e  energy; U - p o t e n t i a l  at  t h e  point  x. For purposes of s implici ty ,
it i s  assumed t h a t  t h e  ions are s ingly  charged. Subs t i tu t ing  (5) and (6) 
i n  (3), w e  obtain t h e  equation 
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t h e  r i g h t  pas t  of which depends only on U. Multiplying t h i s  equation .by 
dU/dx, i n t eg ra t ing  over x, and u t i l i z i n g  t h e  condition dU/k  = 0t o  i n f i n i t y  
( t h i s  i s  a na tu ra l  condition, due to t h e  f a c t  t h a t  w e  are wr i t ing  a 
l imited so lu t ion) ,  w e  obtain 

The r i g h t  p a r t  of t h i s  equation i s  proport ional  to t h e  increase i n  the  
mean p a r t i c l e  energy when they t r ave r se  t h e  path from the  layer  boundary 
t o  the  point  with t h e  p o t e n t i a l  U. 

I n  order  t o  determine t h e  p o t e n t i a l  d i s t r i b u t i o n  i n  t h e  double layer,  
we must solve equation (7) with the  boundary conditions (4 ) .  

However, we a re  not in te res ted  i n  the  p o t e n t i a l  d i s t r i b u t i o n  i n  the  
layer,  but  r a t h e r  i n  the  f i e l d  s t rength on t h e  body surface.  For t h i s  
purpose, it i s  su f f i c i en t  t o  compute t h e  r i g h t  p a r t  of (7) f o r  U = Uo. A s  
has been already indicated,  Uo > kTe, and therefore  it can be assumed t h a t  
t he  second term i n  t h e  r i g h t  par t ,  which determines t h e  mean e lec t ron  
energy on the  body surface,  equals zero, s ince the re  a r e  almost no elec
t rons  close t o  t h e  body. (The r a t i o  of t h i s  term t o  the  e n t i r e  remaining 
terms i n  the  parentheses i s  h / M  i n  order of magnitude). 

Due to the  f a c t  t h a t  Uo > kTe, t h e  ion energy close t o  t h e  body i s  
determined by t h e  p o t e n t i a l  difference between the  body and the  unper
turbed plasma, which makes it possible  t o  disregard t h e  thermal s c a t t e r  
of ion v e l o c i t i e s  and t o  assume t h a t  they are monoenergetic: 

f i  ( E )= il.IIi6 (E) ,  (8) 
where I? i s  t h e  ion current  densi ty  on t h e  body at a given point on the  /269 
surface.  Consequently, 

where N i s  t h e  p a r t i c l e  density,  and Pi and Pe a r e  t h e  mean energies of 
an ion and e lec t ron  at t h e  layer  boundary. 



Equation (9) connects t h e  e l e c t r i c  f i e l d  s t r eng th  at a point  on t h e  
body surface with t h e  ion cur ren t  dens i ty  at t h i s  point ,  wi th  t h e  surface 
po ten t i a l ,  and with t h e  thermal p a r t i c l e  energies a t  t h e  boundary of t h e  
layer and t h e  plasma. 

Let us now inves t iga t e  t h e  e f f e c t  of a weak ou te r  f i e l d  EL’ which i s
eEl A 

such t h a t  p = --4 1where A i s  t h e  mean free pa th  of each type of 
kTe 

p a r t  i cle .  

It i s  apparent from t h e  problem symmetry that per turbat ion of t h e  
body p o t e n t i a l  by t h e  weak ou te r  f i e l d  i s  proport ional  t o  p2. Consequent
ly ,  t h e  body p o t e n t i a l  i n  t h e  f irst  order  of magnitude with respect  t o  
p ( a l l  t h e  inves t iga t ion  w i l l  be conducted with t h i s  accuracy) does not 
depend on t h e  outer  f i e l d ,  and equals 

where T i  and Te are t h e  ion and e lec t ron  temperatures. Since Te can 
hardly exceed T i  i n  t h e  ionosphere and s ince t h e i r  r a t i o  i s  included 
i n  t h e  argument of t h e  logarithm, t h i s  r a t i o  can be disregarded and we 
can set  

In  order t o  determine t h e  ion current  dens i ty  and t h e  mean energies  
of ions and e lec t rons  at t h e  layer  boundary, it i s  necessary t o  f i n d  t h e  
p o t e n t i a l  d i s t r i b u t i o n  i n  t h e  quas ineut ra l i ty  regions.  However, as e s t i 
mates ca r r i ed  out i n  ( R e f .  4) have shown, t h e  f i e l d  penetrat ion beyond 
t h e  double layer  boundary has a s l i g h t  influence on t h e  f i e l d  s t r eng th  a t  
t h e  body surface.  Consequently, we can disregard f i e l d  penetrat ion 
beyond t h e  boundary of t h e  space charge region i n  the  approximate theory,  
and can assume tha.t t h e  plasma i s  unperturbed a t  t h e  outer  layer  boundary. 
This means t h a t  t h e  mean p a r t i c l e  energy a t  t he  layer  entrance equals t h e  
mean p a r t i c l e  energy i n  an i n f i n i t e  plasma, and t h e  correct ion f o r  t h e  
l a t t e r  i s  of t he  second order  of smallccss with respect  t o  t h e  f i e l d  
( R e f .  5 ) .  

Thus, t h e  dependence of t h e  f i e l d  s t rength  on the  body surface upon 
t h e  w e a k  outer  f i e l d  i s  e n t i r e l y  determined by t h e  dependence of t h e  ion 
cur ren t  dens i ty  ITat  a c e r t a i n  point  on t h e  surface upon t h i s  ou ter  
f i e l d .  

Under t h e  condi t ion t h a t  t h e  f i e l d  does not pene t ra te  beyond t h e  
l aye r  boundary and t h a t  t h e  l aye r  can be assumed t o  be  f l a t  a t  each 
point ,  t h e  ion current  dens i ty  on t h e  body surface equals i t s  dens i ty  
a t  t h e  layer  boundary, i .e. ,  (Ref .  5) 

11 == I o(1 4-a,.), 
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i s  t h ewhere IO current  dens i ty  without t h e  outer  f i e l d ,  and a i s  t h e  
numerical f a c t o r  on t h e  order of 1. Introducing t h e  dimensionless 
value f o r  t h e  current  j o  with t h e  a id  of 

and subs t i t u t ing  (10) and (11)i n  ( g ) ,  w e  obtain t h e  following expression 
a f t e r  normalization of U,, P i  and Pe by kTe: 

E; __ %e2N (kT,>Z(io (14-i(p) V K  -, w}, (13)liT, 

where 

- t h e  mean p a r t i c l e  energy i n  a plasma normalized with respect  to kTe. 

Extract ing t h e  root  and confining ourselves t o  terms on t h e  order /270
of p, we obtain 

-
where D ,/ kT," i s  the  Debye radius  i n  an unperturbed plasma. 

8rre M 
The f i e l d  s t rength  values a t  two diamet r ica l ly  opposed poin ts  on the  

body d i f f e r  by t h e  s ign of p. Therefore, f o r  t h e  quant i ty  El- E2 
2measured experimentally, we obtain t h e  following, with allowance f o r  (lo), 

- t h e  coef f ic ien t  on the  order of uni ty .  Thus, t h e  amplification f ac to r  
of a weak outer e l e c t r i c  f i e l d  on the  surface o f  a la rge  body i n  t h e  
ionosphere i s  proport ional  t o  the  r a t i o  between the  ion mean f r e e  path 
and t h e  Debye radius  i n  an unperturbed plasma. 

The authors would l i k e  t o  thank S. M. Rytov for reviewing t h i s  
a r t i c l e ,  and a l s o  M. L. Levin, G. L. Gdalevich, and M. V. Samokhin for 
valuable discus sion s. 
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DISCRF=CEMODEL OF MATTER I N  THE PROBLEM CONCERNING THE 
INTERACTION O F  RASIDLY MOVING BODIES WITH A W F I E D  PLASMA 

(S m a r y )  

M. V. Maslennikov, Yu. S. Sigov 

The s ta t ionary  p ic ture  of a r a re f i ed  plasma stream flowing around 
an axisymmetric body A i s  studied. The problem i s  solved under t h e  
following assumptions; 

(a) U T ,  >u, 9uTi  ~ 

and VT iwhere vs i s  t h e  macroscopic stream veloc i ty  with respect t o  A; V T ~  
- thermal v e l o c i t i e s  of e lec t rons  and ions, respect ively.  

(b) The s p a t i a l  e lec t ron  dens i ty  p e ( r )  a t  t h e  point r i s  determined 
by s e t t i n g  t h e  se l f -cons is ten t  e l e c t r o s t a t i c  p o t e n t i a l  cp and the  ion 
densi ty  pi at  t h e  same point  

Pc (.> = F ('p (r), pi (r)). 

It i s  a l s o  assumed t h a t  i n  t h e  v i c i n i t y  of A t h e r e  a re  no ions moving 
along f i n i t e  t r a j e c t o r i e s ,  and t h a t  an ion f a l l i n g  on t h e  surface A is  /271 
absorbed, withoutchanging cp (TO i s  t h e  e l e c t r o s t a t i c  po ten t i a l  on t h e  
surface of A; cpo i s  t h e  given f'unction of a point on t h e  surface) 
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The ion  dens i ty  pi i s  determined by t h e  d i s c r e t e  plasma model, i n  
which t h e  p a r t i c l e  behavior i s  described by t h e  equations of c l a s s i c a l  
mechanics. The se l f - cons i s t en t  p o t e n t i a l  cp(r) i s  obtained from t h e  
quas i l inear  Poisson equation. 

ACP = - ~ I T ( P ~ - P O F [ W ~ P ~ I1 9  

which i s  solved by a standard method. 

Computations a re  performed f o r  t h e  case when A i s  a sphere whose 
dimensions are comparable with t h e  Debye plasma rad ius .  Thus, -

where 8 i s  t h e  e l ec t ron  charge; k - t h e  Boltzmann constant, Te t h e  
e f f e c t i v e  electron-gas temperature. I n  t h e  per turba t ion  zone beyond t h e  
body, t h e r e  i s  an unusual " s t r a t i f i c a t i o n "  of t h e  plasma: Along t h e  
axis of symmetry f o r  t h e  problem, t h e  t o t a l  charge dens i ty  and cp(r) 
change sign repeatedly,  gradually decreasing i n  amplitude a s  one 
recedes from t h e  body. 

366 




ELECTRIC FIELDS IN THE IONOSPHERE BASED ON DATA 
FROM DIRECT MEASUREMl3NTS ON GEOPHYSICAL ROCKETS 

G. L. Gdalevich, I. M. Imyanitov 

The entire cosmos has excellent conductivity, with large particle 

mean free paths. One exception to this is only a small amount of 

"special" regions, which include the lower layers of the Earth's atmos

phere. The formation of a slowly-changing electric field in this environ

ment produces streams of rapid particles, a temperature chabge, and many 

other effects which significantly change the characteristics of the en

vironment.. This strong dependence of the environment properties on the 

magnitude of stationary electric field strengths has led to the necessity 

of measuring the charge, as well as to several difficulties entailed in 

these measurements. 


The difficulty encountered in these measurements is due to the fact 

that field strengths can arise in space which fall greatly below the 

measurement limits of present equipment and methods. 


It is most probable that many phenomena in the ionosphere - for 
example, the formation of ionization nonuniformities in the F layer, the 
drift of nonuniformities in the ionosphere, the appearance of energetic 
particle streams in the upper layers of the atmosphere, etc. - owe their 
origin to the influence of electric fields (Ref. 1, 2). These fields 
can arise due to the motion ofrmtral streams of charged particles in a 
direction which is perpendicular to the magnetic field of the Earth. 
The streams can have both a terrestrial origin, and possibly a solar 
origin (Ref. 3), due to the transfer of electric fields from the inter
planetary medium (Ref. 4) and due to certain other processes. A study 
of the electric field strength and its distribution in space must, for 
example, answer the question regarding the relationship of several pheno
mena in the ionosphere with solar activity. In particular, it must answer 
the question of the possible mechanism by which processes in the atmosphere 
are related to solar activity. 

However, up until recently the field strength in the ionosphere has 

been determined from indirect data, such as the wind velocity in the E 

layer (Ref. 5 ) ,  the drift velocity of ionosphere nonuniformities in the 

F layer (Ref. l), the magnitude of electron temperature (Ref. 6), and 

the night sky airglow (Ref. 7). Determinations based on these data have 

/272 

shown that there are stationary electric fields in the mean latitudes of 

the ionosphere, with a strength of Elamounting to 1O4v-cm-l directed 

perpendicularly to the magnetic force lines (Ref. 8), and with the strength 

E I 1 amounting to 10-7v-cm-1directed along the magnetic force lines 

(Ref. 6). It should be noted that such determinations are arbitrary to a 

certain extent, since there is not usually adequate information f o r  per

forming the requisite computations. Thus, for example, there is no infor

mation on the drift velocities of nonuniformities on a planetary scale. A 
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Figure 1 


calculation of the field strength based on currents in the ionosphere 

is based on calculated values of ionosphere conductivity, while the 

calculated values for the layer can differ significantly fromthe 

actual values. It is more reasonable to determine the conductivity in the 

corresponding region, by measuring the current and strength of the elec

tric field. 


Therefore, attempts to perform experiments measuring the electric 

field strength directly are of great interest. 


Such experiments were performed on the geophysical rockets of the AN 

SSSR.* The measurmisiits were performed by means of specially-prepared 

electrostatic flcxcineters (Ref. 9). Two sensors were placed at diametri

cally-opposed po?.nt,son the cylindrical portion of the rocket surface. 

These sensors produced a charge which was proportional to the electric 

field strength where they were located. This charge was then intensified, 

and recorded on Earth by means of the telemetry line. The experiments 

directly measured the electric field strength on the rocket surrace, which 

was caused by the eigen electric charge of the rocket and by the outer 

electric field in the ionosphere (Ref. 10, 11). After the data were pro

cessed and possible measurement errors were taken into account, it was 

found that the difference is the strengths measured by the sensors was 

proportional to the electric field strength in the ionosphere, while the 

measured difference was much greater than the outer electric field. The 

proportionality coefficient changed from 102 to l o 4  , and depended on the 

medium characteristics, as well as on the mutual locations of the electric 

and magnetic field strength vectors and of the line connecting the sensor 

points (Ref. 11-13). 


The experiments measured one component of the field strength vector, 
directed either along the line connecting the sensor points and parallel 
to the magnetic field vector, or that giving the directional motion of the 
charged particles along this line, when the magnetic field strength was 
perpendicular to the latter and to the electric field strength. Therefore, 
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when determining t h e  magnitude of t h e  measured outer  f i e l d  s t rength ,  
one must take i t s  d i r ec t ion  i n t o  consideration. Under the  experimental 
conditions, when two sensors a r e  used, t h i s  cannot always be done. However, 
i n  the  majority of cases a comparison of t h e  f i e l d  s t rengths  measured by both 
sensors makes it possible  t o  determine t h e  most probable d i rec t ion  of  t h e  
outer  e l e c t r i c  f i e l d .  

Figure 1presents  the  r e s u l t s  of measurements on November 15, 1961. It 
can 'be seen from t h i s  f i gu re  t h a t  t h e  e l e c t r i c  f i e l d  s t rength  E L i n  t h e  
ionosphere amounted t o  7*10-4v*cm-1 throughout t h i s  experiment, with a f i e l d  
which moved from t h e  eas t  t o  t h e  west. Figure 2 presents  t h e  r e s u l t s  of 
measurements on June 6, 1963. 

I n  comparing Figures 1 and 2, one should note t h a t  during t h e  a f t e r 
noon hours of November 15, 1961, E 1 exis ted throughout the  e n t i r e  region 
being studied, and had a m a x i m u m  at an a l t i t u d e  of - 200 km. However, on 
June 6, 1963, during the  morning hours t h e  e l e c t r i c  f i e l d  E L  had a s t rength 
exceeding the  measurement e r rors ,  only i n  t h e  region of 150-230 km and 
370-460km, while t h e  m a x i m u m  value of E L  - 8*10-~v*cm-~w a s  observed at  
an a l t i t u d e  of 400 km. 

Table 1presents  da t a  per ta in ing  t o  the  observations of E I I . The /273
values of E l  i n  Figures 1and 2 and of E I I i n  t h e  t a b l e  were obtained cn 
t h e  b a s i s  of experimental d a t a  processed according t o  the  formula presented 
i n  ( R e f .  12). 

The measurement r e s u l t s  show t h a t  t he re  a r e  e l e c t r i c  f i e l d s  wLth 
E M 10-3v*cm-1 and E I I M 10-5v'cm-1 i n  t h e  ionosphere. The work (Ref. 14) 
presents  t h e  values of E l  = 2*10'3v-cm-1 measured i n  t h e  regions of mean 
l a t i t udes .  It should be noted t h a t  E I I , as a ru l e ,  can only be  detected 
a t  a l t i t u d e s  of more than 200 km. 
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The l a rge  measured values of t he  e l e c t r i c  f i e l d  s t rength  must s i g n i f i 
cant ly  a f f e c t  t h e  ionosphere cha rac t e r i s t i c s .  The exis tence of 
E L  M 10-3v*cm-1 i n  t h e  ionosphere must lead t o  t h e  d r i f t  of ion iza t ion  
nonuniformities with v e l o c i t i e s  of - 1km*sec-l. I n  addition, such a 
f i e l d  must produce luminescence of t h e  oxygen l i n e s  due t o  a general  
increase i n  t h e  charged p a r t i c l e  temperatures. It i s  poss ib le  t h a t  t h e  
e lec t ron  and ion temperature d i f fe rence  discovered r ecen t ly  i n  t h e  iono
sphere may be i n  some way r e l a t e d  t o  t h e  influence of t h e  e l e c t r i c  f i e l d .  

It should be noted t h a t  t h e  e l e c t r i c  f i e l d s  having a s t rength  of 
E I I M 10-5v0cm-1, which were observed i n  t h e  experiments, e x i s t  on t h e  
order of one minute, s ince they were recorded e i t h e r  on t h e  ascending, 
or on t h e  descending, branches of t h e  rocket t r a j ec to ry .  

CE.FiTAIJ!IDATA PERTAINING TO OBSERVATIONS 
OF E I I  = 10-5v0cm-1 

Measurement Al t i tud  7 km 
Date Direct ion 

Ascent Descent 

10/18/62 275-325 North + South 

360-380 North + South 
I Ver t i ca l  

South -+ North 

North + South 

I n  one case (1960-1963)t h e  e l e c t r i c  f i e l d  E I I w a s  determined during 
t h e  ascent and during t h e  descent of t h e  rocket,  although during t h e  time 
between the  measurements (- 120 see)  it mamaged t o  change d i rec t ion .  

We are now confronted by two important questions:  (1)Why do such 
s t rong e l e c t r i c  f i e l d s  not cause intense heat ing of t h e  ionosphere, 
a,nd (2) What i s  t h e  source of t h e  strong e l e c t r i c  f i e l d s  observed. 

The answers t o  these  two questions f a l l  outs ide t h e  framework of t h e  
present  b r i e f  repor t ,  bu t  we can present  ce r t a in  ideas  i n  t h i s  regard. 

The phenomenon of  a strong f i e l d  E I / , a t  a l t i t u d e s  of more than 200
300 km i n  t h e  ionosphere, having a s t rength  - l e t  us say of 10-5~.cm-1
which i s  i n  operat ion f o r  severa l  seconds, and then severa l  t e n s  of 
seconds, causes t h e  phenomenon of streams of ra,pid e lec t rons  lea,ving the  /274 
layer ,  and causes t h i s  layer  t o  be f i l l e d  up by "cold" e lec t rons  from 
unheated layers .  



It w a s  shown i n  (Ref. 6) t h a t ,  i f  t he  s i z e  of t h e  region perturbed 
‘by t h e  e l e c t r i c  f i e l d  reaches 10,000 km i n  t h e  d i r ec t ion  of t h e  magnetic 
f i e l d  and 100 m i n  t h e  perpendicular d i rec t ion ,  a stream of escaping 
e lec t rons  i s  formed having p a r t i c l e  energies of 1-10 kev. L e t  us examine 
t h e  case when an e l e c t r i c  f i e l d  with t h e  s t rength  El I = lo-5v.cm-1 a r i s e s  
i n  t h e  ionosphere region having these  dimensions. The e l e c t r o s t a t i c  
energy of t h i s  f i e l d  is:  

where V = 2.5*1016cm” i s  t h e  volume of t h e  region perturbed by t h e  f i e l d  
( l e t  us assume t h a t  t h e  region has a cy l ind r i ca l  form). The energy of 
the  f i e l d  w i l l  be consumed i n  t h e  acce lera t ion  of 2*108e lec t rons  up t o  
energies of 10 kev, while t h e  temperature of t h e  remaining e lec t rons  
( the  t o t a l  number of e lec t rons  i s  10”” p a r t i c l e s  for an e lec t ron  concen
t r a t i o n  i n  t h e  perturbed region of ne = 4-1o5cm-”) remaLns unchanged. 
The dens i ty  of t h e  energy f l u x  of escaping electrons i s  4.10-8erg.cm-2.sec-~, 
i f  it i s  assumed t h a t  they f l y  through t h e  cyl inder  base. 

High-energy charged p a r t i c l e s  ha.ving energies of - 1-10 kev i n t e r a c t  
only s l i g h t l y  with the  medium, ba re ly  heating it. Therefore, it can be 
expected t h a t  the e l e c t r i c  f i e l d  having even a magni%ude of 
E l l  = 10-5v*cm-1does not heat t h e  medium s ign i f i can t ly .  

Returning t o  t h e  question of t h e  source of t h i s  f i e l d ,  we need only 
note t h a t  t h e  values of E l  I M lO-’v*cm-l a r e  apparently caused by a source 
having an e x t r a - t e r r e s t r i a l  der iva t ion  - most l i k e l y  under t h e  inf luence 
of t h e  Sun . 

I n  concluding t h i s  a r t i c l e ,  we would l i k e  t o  point  out t h e  following. 
In s p i t e  of t he  f a c t  t h a t  t h e  proposed method f o r  measuring e l e c t r i c  f i e l d s  
requi res  f u r t h e r  improvement - more prec ise  d e f i n i t i o n  of t h e  f i e l d  accelera
t i o n  theory and a,dditional measurements on p a r t i c l e  o r  stream concentration -
experiments studying i n  g rea t e r  d e t a i l  t he  s t ruc tu re  of e l e c t r i c  f i e l d s  i n  
the  ionosphere should be ca r r i ed  out.  It should a l s o  be s t ressed  t h a t  t h e  
examined mechanism for “accelerat ionrr  of t h e  outer  e l e c t r i c  f i e l d  a t  t h e  
w a l l s  of a charged object  makes it poss ib le  t o  apply the  proposed method i n  
s tud ies  of in te rp lane tary  space, p a r t i c u l a r l y  i n  studying t h e  question of 
t h e  e l e c t r i c  n e u t r a l i t y  of t h e  Earth or t h e  Moon. 
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A s  i s  known, t h e  f irst  grea t  s c i e n t i f i c  event i n  c i r cumte r re s t i r a l  /276 
space research w a s  t h e  discovery of t h e  so-cal led r ad ia t ion  zones of t h e  
Earth. Attempts were f irst  made to explain them t h e o r e t i c a l l y  on t h e  
b a s i s  of t h e  neutron albedo hypothesis. A c e r t a i n  por t ion  of r ad ia t ion  
zone p a r t i c l e s  a r e  a c t u a l l y  caused by t h i s  phenomenon. However, it w a s  
recent ly  discovered t h a t  p a r t i c l e s  belonging t o  plasma, streams a r e  cap
tured  near t h e  Earth and subsequently accelerated.  

The accumulation of experimental data,  plasma research and research 
on t h e  streams a r r i v i n g  at t h e  Earth ( the  so-cal led s o l a r  wind), a 
c l a r i f i c a t i o n  of t h e  geomagnetic f i e l d  s t ruc tu re ,  and a study of t h e  low-
energy component of charged p a r t i c l e s  captured i n  t h e  geomagnetic t r a p  
have g rea t ly  ref ined our concepts regarding circumterrestr i : . l  space. The 
c lose  r e l a t ionsh ip  between such geophysical phenomena as t h e  aurorae pol
aris, magnetic storms, and t h e  formations of t h e  Ear th ' s  magnetosphere as 
we l l  as of t h e  Ear th ' s  r ad ia t ion  zone has become apparent. The in t e rac t ion  
of so l a r  corpuscular streams with t h e  geomagnetic f i e l d  i s  apparently t h e  
o r i g i n a l  dynamic process i n  t h i s  complex of phenomena. 

I n  t h e  l i g h t  of present day data,  t he  concepts of t h e  "inner" and 
''outer" r ad ia t ion  zones a r e  purely conditional,  s ince  t h e  geomagnetic 
t r a p  i s  completely occupied by charged p a r t i c l e s .  

It must be emphasized t h a t  streams of low-energy e lec t rons  have been 
discovered beyond the  l i m i t s  of t h e  r ad ia t ion  zones. However, t hese  
streams could hardly be t h e  r e s u l t  of r ad ia t ion  capture, and apparently 
point  t o  t h e  exis tence of t he  so-called outermost zone of charged p a r t i c l e s  
as an i so l a t ed  formation. The physics of t h i s  r ad ia t ion  i s  qu i te  complex, 
and i s  re la ted  to s o l a r  wind flowing around the  magnetosphere boundary, 
and possibly to the penetrat ion of p a r t i c l e s  within the  magnetosphere. 

Experimental da t a  have shown t h a t  t he  magnetosphere i s  an open 
formation - force  l i n e s  on t h e  nocturnal  s ide  form t h e  so-called magnetic 
t a i l  of t h e  Earth -which does not r o t a t e  with t h e  Earth. There i s  a 
n e u t r a l  l ayer  within t h e  magnetic t a i l ,  where t h e  magnetic f i e l d  s t rength  
i s  p r a c t i c a l l y  zero. 

This sec t ion  i s  prefaced with a summary concerning t h e  present s t a t e  
of, and problems en ta i l ed  in,  t h e  study of t he  Eartht',s r ad ia t ion  zoges. 
Recent experimental d a t a  obtained on t h e  s a t e l l i t e s  Elektron" and Kosmos" 
a r e  pr imari ly  discussed i n  t h e  other  a r t i c l e s .  

All of these  d a t a  may serve as  a basis f o r  extensive t h e o r e t i c a l  
general izat ions.  

It i s  hoped t h a t  i n  the  near fu tu re  many enigmas of c i r cwnte r r e s t r i a l  
space w i l l  be c l a r i f i e d .  
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STATE 	OF AND PROSPECTS FOR STUDYING THE 
RADIATION ZONES OF THE EAEL'H 

S .  N. Vernov 

Acceleration of ene rge t i ca l ly  charged p a r t i c l e s  occurs i n  cosmic /277 
space. I n  c e r t a i n  regions of space which a r e  very far from t h e  Earth, 
t h e  p a r t i c l e s  a r e  acce lera ted  up t o  an energy of 1019ev. Cosmic rays 
having super-high energies  a r e  thus  formed. During so la r  f l a r e s ,  so l a r  
cosmic rays are created,  whose maximum energy i s  considerably lower, 
namely, ld'ev. Final ly ,  acce le ra t ion  of p a r t i c l e s  up t o  an energy of 107ev, 
and possibly 108ev, a l s o  occurs ,C t he  Earth. This acce lera t ion  of 
p a r t i c l e s  around t h e  Earth leads t o  t h e  formation of r ad ia t ion  zones of 
t h e  Earth. The hypothesis could be advanced tha t  t h e  same acce lera t ing  
mechanism (of which we a r e  s t i l l  unaware) l i e s  a t  t h e  b a s i s  of a l l  t hese  
processes. In  order t o  determine t h i s  acce lera t ing  mechanism, it i s  
necessary t o  compile t h e  following experimental data:  

(1)The medium i n  which accelerakion occurs; 

(2) The r ad ia t ion  produced as a r e s u l t  of t h e  accelerat ion;  

(3) 	The matter i n  which t h e  acce lera t ion  process ta,kes place i n  
time . 

There a r e  very few experimental da t a  on cosmic rays which a re  formed 
i n  t h e  depths of t h e  Galaxy. We know very l i t t l e  about t h e  medium (item 1). 
Surprises such as t h e  discovery of supernovae can r a d i c a l l y  change our 
concepts. In  general, it i s  s t i l l  imposszble t o  determine the  manner i n  
which the  acce lera t ion  process t akes  place i n  time ( i tem 3 ) .  

It i s  poss ib le  t o  obtain f a i r l y  de t a i l ed  information regarding the  
formation of f l a r e s  on t h e  Sun and t h e  generation of so l a r  cosmic ra,ys. 
It has al ready 'been determined t h a t  f l a r e s ,  and consequently cosmic rays,  
a r e  formed where large gradients  of magnetic f i e l d s  e x i s t .  Rapid changes 
i n  t h e  magnetic f i e l d s  occur when t h e  p a r t i c l e s  a r e  accelerated.  However, 
t h e  data on physics of t h e  Sun a r e  s t i l l  fa r  from 'being complete, and 
therefore  we can only formulate a hypothesis regarding the  formation of 
so l a r  cosmic rays.  

The s i t u a t i o n  i s  e n t i r e l y  d i f f e r e n t  with t h e  r ad ia t ion  zones. Very
de ta i l ed  informakion can be obtained on the  medium where t h e  accelerat ion 
takes  place.  The construct ion of a r t i f i c i a l  Earth s a t e l l i t e s  has ma.de it 
poss ib le  t o  obtain an enormous amount of experimental data .  New fac t s  
which have been discovered due t o  t h e  f l i g h t s  of t he  s z t e l l i t e s  have given 
us a key with which t o  i n t e r p r e t  observations extending over severa l  years 
of t h e  ionosphere, t h e  magnetic f i e l d  of the  Earth, and t h e  a m o r e  p o l a r i s .
As  w i l l  be shown i n  t h i s  repor t ,  a n  ana lys i s  of da t a  which have been 
recorded i n  t h e  pas t  makes i$poss ib le  t o  obtain very important information 
regarding t h e  s t a t e  of t h e  r ad ia t ion  zones 17 years ago - i .e.,  10 years 
before they were discovered during t h e  s a t e l l i t e  f l i g h t s .  
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Figure 1 

Dis t r ibu t ion  i n  Circumterrestr ia l  Cosmic Space of Electrons 
Having Energies of E, > 40 kev and E, > 500 kev 

1 - Electronosphere (Ee > 40 kev);  2 - Outer Radiation Zone 
(Ee > 500 kev).  Arrows ind ica te  d i rec t ion  of s o l a r  wind. 

I n  t h i s  repor t ,  I would l i k e  t o  discuss  t h e  present  s t a t e  of our 
information regarding t h e  rad ia t ion  zones. I n  s p i t e  of t h e  b rev i ty  of 
t h e  report ,  I hope t o  show t h a t  very de t a i l ed  information has already 
been compiled up t o  t h e  present time. The r a t e  a t  which new experimental 
da ta  a r e  compiled i s  very fast. Therefore, t h e  day i s  not far off when 
the re  w i l l  be enough information t o  provide a d e f i n i t i v e  answer t o  t h e  
question - What i s  t h e  acce lera t ing  mechanism? 

It i s  my opinion t h a t  a knowledge of t h e  acce lera t ing  mechanism which 
c rea tes  t h e  r ad ia t ion  zones of t h e  Earth could be extensively applied, both 
i n  studying cosmic rays,  and as applied t o  physics as a whole. 

What information do we have at  t h e  present  time on t h e  rad ia t ion  /278
zones? 

We know t h e  d i s t r i b u t i o n  of t h e  magnetic f i e l d  both close t o  t h e  
Earth, and a t  large d is tances  from t h e  Earth. 

We know t h e  d i s t r i b u t i o n  o f  matter around t h e  Earth. 

Thus, although t h e  information on t h e  medium where t h e  accelerat ion 
of p a r t i c l e s  occurs i s  s t i l l  far from complete, it i s  nevertheless very 
de ta i led .  

What i s  t h e  appearance of t h e  rad ia t ion  zones consis t ing of p a r t i c l e s  
having considerable energies (thousands and mi l l ions  of e lec t ron  vo l t s )  ? 
How a re  these  p a r t i c l e s  accelerated up t o  these  energies c lose t o  t h e  Earth? 

W e  have discovered e lec t rons  and protons having d i f f e r e n t  energies i n  
t he  composition of t h e  r ad ia t ion  zones. Data are presented below which 
were obtained from f l i g h t s  of Soviet and American s a t e l l i t e s .  

Figure 1 shows t h e  e lec t ron  d i s t r i b u t i o n  around t h e  Earth. A s  can ‘be 
seen from Figure 1, elec t rons  having comparatively s m a l l  energies ( seve ra l  
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t e n s  of k i loe lec t ron  v o l t s )  are d i s t r ibu ted  over a wide region, which we 
s h a l l  designate as t h e  electronosphere. Apparently, t h e  electronosphere 
i s  asymetrical. The so la r  wind influences it. In accordance with t h e  
l a w s  of e lec t ron  drift  i n  a nonhomogeneous magnetic f i e l d ,  t h e  electrono
sphere i s  extended towaxd t h e  Sun. I n  t h e  center  of t h i s  region the re  
are e lec t rons  having r e l a t i v e l y  hlgh energies (more than 500 kev). This 
region has been ca l led  t h e  outer  rad ia t ion  zone of t h e  Earth. W e  should 
point  out t h a t  e lec t ron  acce lera t ion  close t o  the  Earth must be assumed 
i n  order t o  explain t h e  exis tence of t h e  outer  r ad ia t ion  zone, as wel l  
as t o  exp1,ain t h e  electronosphere. A s  cam be seen from Figure 1, t h e  
s p a t i a l  d i s t r i b u t i o n  of e lec t rons  having high and low energies i s  d i f f e r 
ent .  However, even e lec t rons  having high energies a r e  d i s t r ibu ted  over 
a f a i r l y  wide region. 

Figure 2 shows t h e  proton d i s t r i b u t i o n  around t h e  Earth. A s  can be 
seen from t h e  f igure,  protons having comparatively s m a l l  energies (from 
0.1 t o  5 Mev) a r e  d i s t r ibu ted  over a very extensive region - t h e  protono
sphere. The inner  r ad ia t ion  zone consis t ing of protons having high 
energies (more than 30 Mev) i s  superimposed on t h e  protonosphere i n  t h e  
region which i s  c loses t  t o  t h e  Earth. I n  order t o  explain t h e  protono
sphere - i .e. ,  t h e  exis tence of a la rge  number of protons having energies 
up t o  severa l  mi l l ions  of e lec t ron  v o l t s  - proton acce lera t ion  close t o  
the  Earth must be assumed. The inner  rad ia t ion  zone arises due t o  t h e  
decay of neutrons which a r e  emitted i n t o  space by t h e  Earth 's  atmosphere 
when it i s  bombarded by cosmic rays.  The d i s t r ibu t ion  of t h e  t o t a l  /279
radia t ion  i n t e n s i t y  i n  t h e  r ad ia t ion  zones i s  shown i n  Figure 3. This 
f igu re  provides a dosimetric p i c tu re  of rad ia t ion  around t h e  Earth. 

The d i s t r i b u t i o n  of protons having d i f f e ren t  energies around t h e  
Earth has a very spec i f ic  nature .  These da ta  are shown i n  Figures 4,
5. The c loser  they are t o  t h e  Earth, t he  grea te r  t he  proton energy i n  
t h e  protonosphere. This i s  due t o  t h e  betatron accelerat ion of protons. 
A t  large dis tances  from t h e  Earth, t he re  a re  protons having comparatively 
s m a l l  energies.  A s  they s c a t t e r  toward t h e  Earth, they en ter  t h e  region 
of much stronger magnetic f i e l d s  and a r e  accelerated,  j u s t  a s  i n  a be ta 
t ron ,  due t o  an increase i n  t h e  magnetic f i e l d .  It can be shown by t h i s  
example t h a t  c e r t a i n  contours of t h e  cosmic accelerant ex i s t ing  a t  t h e  
Ea r th  a r e  a l ready known at  t h e  present time. It i s  possible  t h a t  one of 
t h e  elements i n  t h e  acce lera t ion  process i s  the  t r a n s f e r  of p a r t i c l e s  
toward t h e  Earth - i .e . ,  towaxd the  region of a s t ronger  magnetic f i e l d .  

P a r t i c l e s  i n  t h e  r ad ia t ion  zones o s c i l l a t e  from t h e  northern hemis
phere t o  t h e  southern hemisphere, and a l so  d r i f t  around t h e  Earth. 
Therefore, t h e  d i s t r i b u t i o n  of t he  rad ia t ion  zones at low a l t i t u d e s  
r e f l e c t s  t h e  magnetic p i c tu re  of t h e  Earth. An anomaly of t he  rad ia t ion  
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zones was discovered during t h e  f l i g h t  of the  second Soviet spacecraft;
t h i s  anomaly coincided with t h e  Brazi l ian magnetic anomaly. Figure 6 
presents  t h e  r e s u l t s  derived from measuring the  rad ia t ion  i n t e n s i t y  i n  
May, 1963,during t h e  f l i g h t  of t h e  'rKosmos-1711AES t o  t h e  E a s t  and t o  t h e  
West of t h e  anomaly. We can see t h a t  t he  following phenomenon occurs: 
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Figure 2 

Dis t r ibu t ion  of Protons Having Energies of 5 > 30 Mev and 
Energies Ranging from 0.1 t o  

1 - Protonosphye (2 Mev > Ep > 0.1 Mev; at  t h e  boundary of t h e  
-see-'); 2 - Inner r ad ia t ion  zone(% > 30 Mev 

5 Mev i n  Ci rcumter res t r ia l  Cosmic S2ace 

region N M 10 em-
at t h e  bgundary of t h e  region Np > 10" cm"-sec-l). 

The i n t e n s i t y  i s  not t h e  same on d i f f e r e n t  s ides  of t h e  anomaly. This may 
be caused by t h e  f a c t  t h a t  t h e  pa r t i c l e s ,  as they pass  through t h e  anomaly 
during the  longi tudina l  d r i f t ,  simultaneously d r i f t  along t h e  force l i n e s  
toward t h e  Earth.  

Observations of p a r t i c l e s  i n  the  r ad ia t ion  zones at d i f f e r e n t  po in ts  
above the  Earth 's  surface showed t h a t  these  p a r t i c l e s  a r e  a l so  discovered 
i n  regions which exclude rad ia t ion  trapped by t h e  geomagnetic f i e l d  - i .e.,  
i n  regions whose magnetically-linked poin ts  are located deep i n  the  atmos
sphere, or even near t h e  Earth. I n  order words, rad ia t ion  e x i s t s  whose 
p a r t i c l e s  move along t r a j e c t o r i e s  forming an angle with t h e  magnetic force  
l i n e s  which i s  so  s m a l l  t h a t  these  p a r t i c l e s  must en ter  i n t o  the  atmosphere. 
Thus, apar t  from captured rad ia t ion  t h e r e  must a l s o  be d i r e c t l y  accelerated 
radiat ion,  which i s  recorded immediately a f t e r  these  p a r t i c l e s  a re  accelera
ted .  

A s  measurements performed during t h e  f l i g h t  of t h e  American s a h e l l i t e  
"Injun-3" have shown, t h e  in t ens i ty  of d i r e c t l y  accelerated r ad ia t ion  some
times changes over a very short  time i n t e r v a l  ( l e s s  than 0.1 seconds). It 
follows from t h i s  f a c t  t h a t  t h e  p a r t i c l e s  are accelerated a t  a d is tance  
which is  s m a l l  as compared with t h e  length of t h e  magnetic force  l i n e .  
This dis tance i s  l e s s  than 109cm. It thus follows t h a t  e l e c t r i c  f i e l d s  
must e x i s t  whose s t rength  i s  greater  than 10'4v-cm-'. 

Corpuscular streams emitted by the  Sun influence t h e  r ad ia t ion  zones, 
and lead t o  p a r t i c l e  accelerat ion.  The p i c tu re  of t h e  	influence of corpus-

In  a simpler form,cular  streams on t h e  rad ia t ion  zones i s  very complex. 
t h i s  p i c tu re  develops a t  t he  moment when an addi t iona l  ( shor t - l ived)  radiat ion 
zone appears at  d is tances  from t h e  Earth which a re  l a rge r  than t h e  dis tance 
of t he  r ad ia t ion  zones which always ex i s t .  Figure 7 shows t h e  appearance

/281of an addi t iona l  r ad ia t ion  zone on February 16, 1964. This addi t iona l  
zone w a s  discovered during one of t he  f l i g h t s  of t h e  "Elektron-2" s a t e l l i t e .  



Figure 3 

Liberation of Energy i n  a N a J  Crystal Having Dimensions of 

20 x 20 m Behind a Shielding of 1 g-cme2Al (ev-sec- l )  


For conversion t o  rad-sec- l ,  t h e  given values must be 
mul t ip l ied  by 7-

J 
7 L  


Figure 4 

Spatia.1 Di s t r ibu t ion  of Electrons and Protons Having Different Ehergies 
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Figure 5 

Dependence of In t ens i ty  of Protons Having Different Iherg ies  i n  
Equator ia l  Plane on t h e  Distance Expressed i n  Earth r a d i i  

Num'bers on t h e  curves designate proton energy i n  Mev. 

0. V. Khorosheva, with the  ass i s tance  of V. I. Afanas'yeva and Yu. D. 
Kalinin, analyzed t h e  magnetograms corresponding t o  t h i s .  It was found 
t h a t  cha rac t e r i s t i c  "co i l s"  were observed on t h e  magnetograms a t  t h e  
moment when t h e  addi t iona l  zone appeared. Data on these  "coi ls"  have 
made it possible  t o  formulate a p ic ture  of t h e  current d i s t r i b u t i o n  i n  
the  ionosphere. The r e s u l t s  obtained a re  shown i n  Figure 8. It w a s  
found t h a t  a current  flowing around t h e  North magnetic pole occurred i n  t h e  
ionosphere when t h e  addi t iona l  r ad ia t ion  zone appeared. The force l i n e s  
of t h e  magnetic f i e l d  of t h e  Earth, on which t h i s  addi t iona l  rad ia t ion  
zone appeared, passed through the  ionosphere where t h i s  current w a s  located. 

Data obtained during t h e  f l i g h t s  of t h e  "Elektron" s a t e l l i t e s  
disclosed a cor re la t ion  between t h e  pos i t ion  of t h e  outer boundary, t h e  
r ad ia t ion  zones, and t h e  "coi ls"  on t h e  magnetogram. It was found t h a t  
when t h e  boundary of t h e  zone occurred a t  t h e  McIlwain L coordinate from 
6 t o  6.5, there  were no "coi lsf1 on t h e  magnetograms. When the  boundary 
of thettzone sh i f t ed  toward t h e  Earth o r  away from the  Earth, there  were 
I t  c o i l s  on t h e  magnetograms, and t h e  probabi l i ty  f o r  t h e  appearance of 
t h e  ' lcoilsl l  w a s  more than 70$-

V. A. Troitska analyzed da ta  on rapid var ia t ions  i n  t h e  magnetic 
f i e ld ,  and found t h a t  t he re  i s  a close cor re la t ion  between t h e  frequencies 
of these  f luc tua t ions  and pos i t ions  of t h e  outer  boundary f o r  t h e  outer 
r ad ia t ion  zone. 
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Figure 6 


Intensity Dependence of Electrons Having Energies 

of Several Hundred kev in Different Magnetic Envelopes (L) 

on the Minimum Altitude of the Drift Trajectory Descent 


Toward the Earth 


1 - Measurements to the West of the anomaly; 2 - toward the 
East, P - Atmospheric density. Curves are standardized with 
the intensity curves 1/

P 
at one point for each value of L. 
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I l l u s t r a t i o n  of t h e  Appearance and Disappearance of 
an Additional Radiation Zone Sporadically Formed a t  Large 
L, as Compared t o  t h e  L which Are Charac te r i s t ic  For  t he  Main 

Radiation Zone. World Time. 

There i s  no doubt t h a t  a concurrent ana lys i s  of da ta  derived from 
d i r e c t  observations of t h e  r ad ia t ion  zones on s a t e l l i t e s  such as t h e  
rrElektron'r type and da ta  derived from recordings performed on t h e  Earth 
of t h e  magnetic f i e l d ,  t h e  ionosphere, t h e  aurorae polar i s ,  e t c .  'would 
provide a great  dea l  of information. 

The work of V. M. Driatskiy and h i s  coworkers (Besprozvanova, 
Gorbushina, e t  al .)  can be  used as an example of t h e  very in t e re s t ing  da ta  
which can be o'btained by analyzing old mater ia l  obtained i n  the  Arc
t i c .  Observations of rad io  wave absorption i n  t h e  ionosphere have made it 

possible  t o  determine t h e  appearance of s o l a r  cosmic rays and the  formation 
of d i r ee tl y  accelerated rad ia t ion .  mi 

The appearance of so la r  cosmic rays leads t o  ion iza t ion  i n  t h e  iono
sphere of t h e  polar  cap. I n  t h i s  case, t h e  ion iza t ion  changes smoothly, 
without sharp f luc tua t ions .  The formation of d i r e c t l y  accelerated 



Figure 8 

Dis t r ibu t ion  of a Current System (Solid Line) Based on Data From 
Magnetic Measurements on February 16, 1964 During t h e  Appearance 

of a Sporadic Zone (see Figure 7) 
The arrows ind ica t e  t h e  current  d i r ec t ion .  The dashed l i nes  con
nected with t h e  arrows designate  t h e  assumed loca t ion  of t he  
current  system i n  a longi tudina l  region where t h e  r e q u i s i t e  magne
t i c  measurements are lacking. The dot-dash l i n e  designates  t h e  
F r i t z  zone. The arrov point ing toward t h e  pole ind ica t e s  t h e  d i r 
ec t ion  of t h e  s o l a r  rays .  

1 - Tikhaya; 2 - Chelyuskin; 3 - Uelen; 4 - Barrow; 5 - College; 6 - Fort 
Churchill ;  7 - Dickson; 8 - T i k s i  (c rosses) ;  1 - Reykjavik; 2 - Kiruna; 
3 - Sadankyul; 4 - Murmansk; 5 - Sitka;  6 - B a k e r  Lake; 7 - Resolute Bay;
8 - Thule ( l i g h t  c i r c l e s ) .  
. -._ 

r ad ia t ion  leads t o  ion iza t ion  i n  t h e  ionosphere i n  regions where it i s  
most probable t h a t  t h e  aurorae p o l a r i s  w i l l  appear. In t h i s  case, t h e  
ion iza t ion  sharply f luc tua te s  with t i m e .  By employing these  propert ies ,  
one can d i s t ingu i sh  between these  phenomena. By analyzing t h e  d a t a  de
r ived from observations performed over severa l  years,  V. M. Driatskiy and 
h i s  coworkers were able t o  follow the  change i n  these  phenomena with solar 
a c t i v i t y  over s eve ra l  years .  
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Figure 9 

Secular Correlation Between In t ens i ty  of Solar Cosmic 
Rays (n - Number of days i n  Which t h e  Third Type i s  

Absor'ued) and Solar Act ivi ty  (W Wolf Number). 

Figure 9 shows t h e  dependence of so la r  cosmic rays on t i m e ,  beginning 
i n  1938. We can see t h a t  t he re  i s  a very close cor re la t ion  with so l a r  
ac t iv i ty .  The grea te r  t h e  so la r  ac t iv i ty ,  t h e  grea te r  t h e  nuniber of cases 
i n  which so la r  cosmic rays appeared. 

Figure 10 i l l u s t r a t e s  t h e  dependence of d i r e c t l y  accelerated radia
t i o n  (DAR) on time, beginning i n  1948. We can see t h a t  t h e  maximum 
number of cases i n  which t h e  DAR appears does not correspond t o  the  maxi
m, but  r a the r  t o  t h e  minimum,of so l a r  a c t i v i t y .  This f a c t  coincides 
with da ta  o'btained by V. M. Driatskiy regarding t h e  nature  of t h e  change 
i n  t h e  so-called t fpear l s"  with the  cycle of s o l a r  a c t i v i t y .  V. M. Driatskiy
established the  f a c t  t h a t  during t h e  years of m i n i "  s o l a r  a c t i v i t y  t h e  
f f  

I f
pear l s  appear over a long time i n t e r v a l  measureable i n  hours. The 
pear l s"  correspond t o  per iodic  f luc tua t ions  i n  t h e  i n t e n s i t y  of t h e  mag

n e t i c  f ie lds .  If we compare t h e  data on the  DAB increase during years  of 
minimum solar a c t i v i t y  with t h e  increase i n  t h e  durat ion of t h e  "pearls" 
w e  a r r i v e  a t  t h e  conclusion t h a t  almost s t r i c t l y  per iodic  f luc tua t ions  '/284
play  a large r o l e  i n  p a r t i c l e  accelerat ion i n  c i r cumte r re s t r i a l  cosmic 
space. 

I n  summing up t h e  present state of and prospects f o r  studying t h e  
rad ia t ion  zones of t h e  Earth, we should note  t h e  following f a c t s .  Although 
we have abundant information on t h e  r ad ia t ion  zones a t  t h e  present time, 
it i s  s t i l l  far from complete. These gaps i n  or information can be f i l l e d  
up somewhat by u t i l i z i n g  da ta  from continuously-operating s t a t ions  on t h e  
Earth, of which t h e r e  a r e  severa l  hundred. There i s  no doubt t h a t  i n  the  
fu tu re  continuous compilation of da ta  from s t a t i o n s  on t h e  EarLh and from 
s a t e l l i t e s  such as the  I f  Elektron" type w i l l  completely f i l l  out t h e  picture ,
and t h e  r e q u i s i t e  da t a  w i l l  be  obtained a t  d i f f e r e n t  a l t i t u d e s  on t h e  
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Figure 10 

Dependence of Directly-Accelerated Radiation 
(n - Number  of Cases i n  Which t h e  Second Type 
i s  Absorbed) on Solar Act ivi ty  (W Wolf Number) 

1 - DAR ( d i r e c t l y  accelerated rad ia t ion) ;  2 -
Wolf number. 

composition and f luc tua t ions  of t h e  cold and hot plasma, a s  wel l  as on 
- .rariations i n  t h e  magnetic and e l e c t r i c  f i e l d s  at d i f f e r e n t  frequencies.
I n  t h i s  way, t h e  e n t i r e  process by which p a r t i c l e s  a r e  accelerated i n  
the rad ia t ion  zones can be followed. A s  w a s  indicated above, sometimes 
t h i s  accelerat ion process last 0.1 seconds i n  a l l .  I n  addition, it i s  
c l e a r  t h a t  p a r t i c l e  acce lera t ion  takes  place i n  t h e  r ad ia t ion  zones 
due t o  a be ta t ron  mechanism, as t h e  r e s u l t  of p a r t i c l e s  being t ransfer red  
from t h e  remote regions of The magnetosphere t o  t h e  Earth. This accelera
t i o n  process lasts very long, f o r  a t  l e a s t  severa l  days. 

The lack of da ta  on t h e  e l e c t r i c  f i e l d s  and t h e i r  changes w i t h  time 
makes it impossible a t  t h e  present time t o  provide a f i r m  foundation f o r  
inves t igs t ing  the  possible  operation of d i f f e ren t  accelerat ing mechanisms 
u t i l i z i n g  s t r i c t l y  per iodic  f luc tua t ions  i n  c i r cumte r re s t r i a l  cosmic 
space. The p r inc ip l e  of self-phasing can lead t o  t h e  very e f f ec t ive  
operation of t h i s  mechanism, along w i t h  others .  

It citn be expected t h a t  t he  mechanisms by which p a r t i c l e s  are 
accelerated i n  t h e  rad ia t ion  zones w i l l  be discovered i n  t h e  next few 
years.  This w i l l  provide a key f o r  understanding t h e  enormous amount of 
f a c t s  which have been recorded over many years on t h e  magnetic f i e l d s ,  
p roper t ies  of t h e  ionosphere, t h e  aurora polar i s ,  e t c .  I n  addition, 
new methods w i l l  be  found t o  solve t h e  puzzle of accelerat ion of cosmic 
ray  p a r t i c l e s  on the  Sun and i n  t h e  depths of space. 
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PEXEZRATION PROCESSES INTO T�D MAGNETOSPHERE OF T � B  EARTH, 
CAJ?IUm AND A C C E L E W I O N  OF SOLAR STREAM PARTICLES, AND 

THEIR ROLF: I N  THE DYNAMICS O F  THE GEOMAGNETIC TRAP 

V. D. Pletnev, G. A. Skuridin, 
V. P. Shalitov, I. N.  Shvachvonov 

A t  t h e  present time it appears t h a t  t he re  i s  a very close connec
t i o n  between many geophysical phenomena occurring i n  c i r cumte r re s t r i a l  
cosmic space. Magnetic storms, t h e  aurorae po la r i s , t he  magnetospheres of 
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t h e  Earth, and the  rad ia t ion  zones r e s u l t  from interconnected, dynamic 
processes occurring i n  t h e  geomagnetic t r a p  and a t  i t s  boundaries. This 
complex of geophysical phenomena i s  ca l l ed  t h e  dynamics of t h e  geomagnetic 
t r a p .  

A s  experimental and t h e o r e t i c a l  s tud ies  have shown, these  geophysical 
phenomena a re  caused by t h e  in t e rac t ion  of so l a r  corpuscular streams with 
t h e  magnetic f i e l d .  We assume t h a t  t h e  main r e s u l t  of t h i s  i n t e rac t ion  i s  
the  penetrat ion of s o l a r  stream p a r t i c l e s  i n t o  t h e  magnetosphere of t h e  
Earth. Therefore, t he  rad ia t ion  zones can be regarded as a key problem i n  
studying c i r cumte r re s t r i a l  cosmic space. Attempts t o  explain the  occurrence 
of r ad ia t ion  zones by a universal ,  cosmic acce lera t ing  mechanism operat ing 
i n  the  cosmos a r e  completely unfounded. The f a c t  t h a t  t he  f irst  s tudies  of 
t h e  rad ia t ion  zones were performed by s c i e n t i s t s  inves t iga t ing  cosmic rays 
s t rongly corroborates t h i s .  

From t h e  point  of view of t h e  processes by which s o l a r  corpuscular 
streams i n t e r a c t  with t h e  geomagnetic f i e l d ,  t h e  rad ia t ion  zones represent  
a phenomenon which i s  purely geophysical, and i s  caused by p a r t i c l e s  pene
t r a t i n g  t h e  magnetosphere of t h e  Earth, as we l l  as by the  acce lera t ion  of 
these  p a r t i c l e s  within t h e  geoma.gnetic t r a p  during the  inverse phase of a 
magnetic storm. 

The present s tud ies  inves t iga te  t h e  interconnection between geophysical 
phenomena occurring i n  c i r cumte r re s t r i a l  cosmic space from the  point  of 
viev of t h e  dynamics of t h e  geomagnetic t r a p .  Preliminary ideas  on t h i s  
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Figure 1 

Magnetosphere of t he  Earth (In t h e  Plane of the  Noon Meridian) 
1 - Front of  a s ta t ionary  shock wave; 2 - Trans i t iona l  region 
(magnetopa,use); 3 - Magnetosphere boundary; 4 - Magnetic force 
l i n e s  of t h e  geomametic f i e l d  according t o  (Ref. 5 ) ;  5 - Mag
ne t i c  force l i n e s  of t h e  unperturbed dipole;  A and A' - neu t ra l  
points .  Nwribers i n  t h e  drawing designate l a t i t udes  a t  which t h e  
surface of t h e  Earth i n t e r s e c t s  t h e  force l i nes .  

problem have been presented i n  t h e  work (Ref. 1). 

An expanded version of t h e  work (Ref. 1) w a s  presented a t  seminars 
a t  t h e  Sc ien t i f i c  Research I n s t i t u t e  of Nuclear Physics of Moscow Sta te  
University (March 22, 1965), I n s t i t u t e  of T e r r e s t r i a l  Magnetism and 
Radiowave Propagation of t h e  USSR Academy of Sciences (March 31, 1965),
and a t  t h e  Conference on Physics of t h e  Upper Atmosphere a t  t h e  I n s t i t u t e  
of Atmospheric Physics of t h e  USSR Academy of  Sciences on Apri l  5-7, 1965. 

The r e s u l t s  of fu r the r  research on t h i s  problem were presented a t  
t h e  VI session of COSPAR (May, 1965) (Ref. 2 ) .  
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Figure 2 


Meridional Cross Section of Excluded (Shaded) and Allowed 

Regions in the Central Section of the Magnetosphere, for 
Protons Having Energies of E = 450 kev in the Field of the 

Perturbed Dipole 
I tro - Distance to the magnetosphere boundary. Scale in Stgrmer 

units of length". 
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1. Motion of Charged P a r t i c l e s  i n  the  Magnetosphere 
Field (Modified Problem of Stb’rmer) 

The c l a s s i c a l  method of St6rmer may be employed t o  estimate t h e  
poss i ’b i l i ty  of charged p a r t i c l e s  penetrat ing t h e  magnetosphere of t h e  
Earth. As i s  known, t h e  Stgrmer method w a s  employed t o  ca lcu la te  t h e  
motion of charged p a r t i c l e s  i n  t h e  f i e l d  of t h e  magnetic dipole 
extending up t o  i n f i n i t y .  For a long period of time it w a s  assumed 
t h a t  t he  geomagnetic f i e l d  i s  unlimited i n  space and coincides with the  
dipole  f i e l d  a t  d is tances  r from t h e  center  of t h e  Earth which are grea te r  
than 2a, where a i s  t h e  radius  of t h e  Earth. Recent s tud ies  (Ref. 3, 4) 
have shown t h a t  t h e  geomagnetic f i e l d  i s  local ized i n  a l imited region of 
c i r cumte r re s t r i a l  cosmic space, due t o  t h e  pressure of a corpuscular 
stream which i s  constant ly  i n  operation ( so l a r  wind). This region i n  
which t h e  geomagnetic f i e l d  i s  local ized i s  ca l led  t h e  magnetosphere of 

/286t he  Earth. 

The sca l a r  p o t e n t i a l  of t h e  geomagnetic f i e l d  within the  magnetosphere 
of t he  Earth can be represented i n  the  form of expansion i n  terms of 
spherical  harmonics (Ref. 5) : 

Here Tn(cp,h) and %(cp,h) a r e  the  spher ica l  functions; cp - geomagnetic 
l a t i t ude ;  h - angle i n  t h e  equator ia l  plane read off f rom the  d i rec t ion  
toward t h e  Sun; Uo - p o t e n t i a l  of t h e  geomagnetic f i e l d  from inner 
sources; U1 - magnetic f i e l d  p o t e n t i a l  of currents  flowing along t h e  
magnetosphere surface.  

I n  the  zero approximation, w e  have 

(i.2) 


where M, i s  t h e  magnetic moment of t h e  Earth’s dipole.  

Figure 1 shows t h e  force  l i n e s  of the  magnetic f i e l d  with a p o t e n t i a l  
determined by expression (l.l), t ak ing  i n t o  account t h e  f irst  s i x  terms of 
t h e  expansion of U1 (Ref. 5). 

Within an adequate degree of accuracy, it can be assumed t h a t  t h e  f i e l d  
i n  t h e  c e n t r a l  sec t ion  of t h e  magnetosphere (on t h e  s ide  i l luminated by
t h e  Sun at the  l a t i t u d i n a l  i n t e r v a l  of y l O o  and a t  t h e  same range of t h e  
angle h )  i s  a x i a l l y  symmetrical, and can be described by t h e  poten t ia l  /287 

where ro i s  t h e  dis tance t o  t h e  magnetosphere boundary along t h e  Earth-Sun
l ine ;  & = 0.31 a3gauss-em3 ;M, = 0.41 a3gauss*cm3; 0 < r < rO. 
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I n  t h i s  region, t h e  boundary of t he  magnetosphere can be regarded 
as  a por t ion  of a spher ica l  surface included between t h e  n e u t r a l  po in ts  
(H=O), which corresponds i n  space t o  the  region where charged p a r t i c l e s  
are trapped by t h e  geomagnetic f i e l d  on t h e  d iu rna l  s ide  - i.e., t h e  
sect ion of t h e  geomagnetic t r a p  i l luminated by t h e  Sun.  

I n  order t o  study t h e  penetrat ion of charged p a r t i c l e s  within t h e  
magnetosphere i n  t h e  boundary region indicated above, l e t  us examine 
t h e  modified problem of Stb'rmer i n  an axially-symmetrical f i e ld  with 
t h e  p o t e n t i a l  (1.3). J u s t  as i n  t h e  c l a s s i c a l  theory of Stgrmer (Ref. 6), 
t h e  equations of motion f o r  a posit ively-charged p a r t i c l e  i n  a f i e l d  
with t h e  p o t e n t i a l  (1.3) can be wr i t t en  i n  a cy l ind r i ca l  system of 
coordinates (p,X,z) i n  t h e  following form 

where 

y i s  t h e  in t5gra t ion  constant of Stgrmer. A l l  t h e  dis tances  a r e  
measured i n  Stgrmer u n i t s  of length" - C s t  = (%e/mvc)'i (here e i s  t h e  
p a r t i c l e  charge, and m i s  i t s  mass). 

The boundaries of regions which are excluded and allowed fo r  
p a r t i c l e  motion are determined by t h e  condition Q=O, or 

The r e s u l t s  derived from numerical computations of equation (1.6) are 
presented below. I n  t h e  problem under consideration, t h e  form and dimen
sions of allowed and excluded regions depend e s s e n t i a l l y  on t h e  p a r t i c l e  
energy, while i n  t h e  c l a s s i c a l  theory of Stb'rmer such a dependence does 
not e x i s t  . 

For example, when t h e  magnetosphere boundary i s  located a t  t h e  dis
tance r o  = 10 a, f o r  values of a > 0.1924 - which corresponds i n  t h i s  

In  t h e  c l a s s i c a l  problem of Stk-mer f o r  a dipole  f i e l d ,  excluded 
and allowed regions a r e  s imi la r  i n  form for p a r t i c l e s  having 
d i f f e ren t  energies.  Therefore, t h e  introduct ion of a StSrmer u n i t  
of length as  a sca le  makes it possible  t o  eliminate t h e  c l e a r  
dependence of t h e  s i z e  of these  regions on energy. I n  our case,
t h i s  dependence remains even when t h e  dis tance i s  measured i n  CSt. 
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case t o  protons having energies  of E < 730 Mev - t he re  a re  only inner 
allowed regions which a r e  not connected with space outs ide of t h e  
magnetosphere f o r  t h e  ma,jority of values f o r  t h e  St&-"r constant y. 
Even i f  t h e  magnetosphere boundary i n t e r s e c t s  t h e  inner allowed region 
which i s  possible  only f o r  a very narrow range of t h e  values f o r  y, 

/288t h i s  s t i l l  does not i nd ica t e  t h a t  p a r t i c l e s  may be tra,pped. - . 

The inner  allowed region which i s  in te rsec ted  by t h e  magnetosphere 
boundary w i l l  be  open t o  p a r t i c l e s  having energies on t h e  order of 
cosmic ray  energies.  I n  t h i s  region, t he  p a r t i c l e  must have t h e  diameter 
of a Iarmor c i r c l e  which i s  grea te r  than t h e  dis tance between t h e  magne- /289 
tosphere boundary and t h e  inner  excluded region. Therefore, after pene
t r a t i n g  i n t o  t h e  allowed region, t h e  p a r t i c l e  must necessar i ly  go back 
over t h e  magnetosphere boundary. The exis tence of a boundary layer  helps 
t h e  low-energy p a r t i c l e s  t o  pene t ra te  analogous regions. 

Figure 2 shows t h e  allowed and excluded regions f o r  protons having 
energies of 450 kev, and a l s o  shows t h e  dependence of t h e  allowed region 
s ize  ( i n  t h e  equator ia l  plane) on the  parameter yl = -Y. It a l s o  shows 
t h e  pos i t i on  of t h e  magnetosphere boundary f o r  ro = 10 a. 

The open allowed regions,  formed as t h e  r e s u l t  o f  t h e  confluence of 
t h e  inner  and outer  allowed regions,  can only e x i s t  f o r  a < 0.1924 ( fo r  
ro = 10 a f o r  protons having energies grea te r  than 730 Mev). Thus, t h e  
confluence point  i n  t h e  equator ia l  plane, which e x i s t s  i n  t h e  c l a s s i c a l  
theory of Stb'rmer only f o r  Y1 = Y1* = 1, i s  obtained as a funct ion of 
energy i n  t h e  1 2 Y1*> 0.866 range ( f o r  c1 accordingly i n  t h e  
0 ,< aQ 0.1924 range).  The open allowed regions e x i s t  f o r  p a r t i c l e s  with 
y1 < yl*. W e  can thus  see t h a t  i n  t h e  c e n t r a l  magnetosphere region under 
consideration t h e  penetrat ion of low-energy p a r t i c l e s  i s  not possible  i n  
t h e  case of ro = 10 a during a period which i s  magnetically quiet .  

The examined d i f fe rences  between t h e  motion of charged p a r t i c l e s  i n  
t h e  f i e l d  of a l imi ted  magnetosphere and t h e i r  motion i n  a f i e l d  of  an 
unlimited dipole  a r e  p a r t i c u l a r l y  apparent during t h e  f i r s t  phase of a 
magnetic storm, when t h e  magnetosphere boundary approaches t h e  Earth, and 
the  f i e l d  within t h e  magnetosphere i s  in t ens i f i ed .  The boundaries of 
excluded and allowed regions do not remain constant;  as t h e  magnetosphere 
boundary approaches t h e  Earth, they a l s o  s h i f t  toward t h e  Earth. The 
magnetosphere boundary i n t e r s e c t s  t h e  inner  excluded regions only f o r  
a very narrow range of values f o r  Y1. 

If, for example, during t h e  f i r s t  phase of a magnetic storm t h e  
magnetosphere boundary i s  located at t h e  dis tance ro = 6 a, then open 
allowed regions e x i s t  only f o r  protons having energies of E > 2.95 Bev. 
-__  - -_ _  .-~ 

Apparently,this e f fec t  i s  due t o  t h e  u t i l i z a t i o n  of an approximate 
p o t e n t i a l  (l.3), and not a p rec i se  one (1-1). 
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Consequently, during the f i rs t  phase of a storm t h e r e  i s  a greater possi
b i l i t y  of so l a r  stream p a r t i c l e s  pene t ra t ing  t h e  magnetosphere ( i n  t h e  
c e n t r a l  region under consideration) 

W e  should poin t  out t h a t  i n  1959 Obayashi ( R e f .  7)determined t h e  
change i n  allowed and excluded regions during d i f f e r e n t  phases of a 
magnetic storm, assuming t h a t  t h e  geomagnetic f ie ld  w a s  local ized i n  
space which w a s  cons is ten t ly  limited. The results derived i n  (Ref .  7) 
a l s o  ind ica t e  t h a t  it i s  impossible f o r  low-energy p a r t i c l e s  to penet ra te  
during t h e  f irst  phase of a storm, while p a r t i c l e s  can r ead i ly  pene t ra te  
t o  the  depths of t h e  t r a p  during t h e  main phase. However, Obayashi sel
ected a spher ica l  form f o r  t h e  cavi ty  occupied by t h e  geomagnetic f ie ld ,  
which recent  studies have shown t o  be incor rec t .  Therefore, t h e  r e s u l t s  
derived from our computations f o r t h e  f i rs t  phase of a storm d i f f e r  g rea t ly  
from Obayashi's calculat ions.  

Similar s tud ies  recent ly  car r ied  by Gall (Ref. 8), as we l l  as by 
Akasof'u, Lin, and Van Allen (Ref. 9 ) ,  have not solved t h e  problem of 
p a r t i c l e  penetrat ion within t h e  magnetosphere. For example, Gall did 
not take  i n t o  account t h e  d i f fe rence  between t h e  magnetosphere f i e l d  and 
t h e  dipole  f ie ld ,  and assumed t h a t  t h e  i n t e r s e c t i o n  of t he  inner  allowed 
region by t h e  magnetosphere boundary m a k e s  p a r t i c l e  penetrat ion possible .  
A s  a r e s u l t ,  a completely inva l id  conclusion i s  reached, which states 
t h a t  - when t h e  magnetosphere i s  g rea t ly  contracted and t h e  f i e l d  i s  
in t ens i f i ed  - t h e  penetrat ion of charged p a r t i c l e s  within t h e  magneto
sphere i s  f ac i l i t aked .  The authors of t h e  works (Ref. 9), who employed 
t h e  geomagnetic f i e l d  p o t e n t i a l  i n  t h e  form given by Obayashi (Ref. 7), 
were pr imar i ly  in t e re s t ed  i n  cosmic rays.  

Thus, t h e  r e s u l t s  presented i n  Section 1show t h a t  it i s  impossible 
f o r  p a r t i c l e s  t o  pene t ra te  within t h e  magnetosphere i n  t h e  c e n t r a l  region 
on t h e  d iu rna l  side, both during a magnetically quie t  period, and during 
t h e  i n i t i a l  phase of a magnetic storm. /290 

2. Penetrat ion of Charged P a r t i c l e s  Within t h e  
Magnetosphere i n  the  Vicini ty  of Neutral  Points  

I n  a real geomagnetic f i e l d ,  t h e  poss ib le  pene t ra t ion  of charged 
p a r t i c l e s  i s  determined by two concurrent fac tors .  One of them, which 
f a c i l i t a t e s  t h i s  pene t ra t ion , i s  a decrease i n  t h e  area occupied by t h e  
geomagnetic f ie ld .  The o ther  fac tor ,  which i s  much more important and 
which renders t h e  penetrat ion more d i f f i c u l t ,  i s  an increase i n  t h e  
geomagnetic f i e ld  s t rength  as compared with t h e  dipole  f i e l d ,  due to 
l oca l i za t ion  of t h e  f i e l d  i n  a l imited area of space- It w a s  shown 
above tha t ,  both during a magnetically quie t  period and during t h e  f irst  
phase of a magnetic storm, t h e  second f a c t o r  dominates i n  t h e  c e n t r a l  
region of the magnetosphere (between n e u t r a l  po in ts )  on t h e  d iu rna l  side. 
I n  t h e  region of  high l a t i t u d e s  (beyond t h e  n e u t r a l  po in ts ) ,  t h e  geomag
n e t i c  f i e l d  s t rength  i s  a l s o  grea te r  than t h e  dipole  f i e ld  strength,  and 
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Figure 3 

Dis t r ibu t ion  of Surface Pa in t s  a t  t h e  Magnetosphere Boundary 

p a r t i c l e  penetrat ion m u s t  be  more d i f f i c u l t  i n  t h i s  region. W e  should 
a l so  note t h a t  t h e  pene t ra t ion  of so l a r  stream low-energy p a r t i c l e s  i s  
rendered much more d i f f i c u l t  by a sharp gradie7.t of t h e  magnetic f i e l d  
i n  a boundary layer .  However, i n  t h e  v i c in i ty  of t h e  neu t r a l  points, 
t h e  f i e l d  s t rength i s  close t o  zero, both i n  a magnetically quie t  period 
and during a magnetic storm. It i s  therefore  na tu ra l  t o  study t h e  
possible  pene t ra t ion  of charged p a r t i c l e s  within t h e  Earth 's  magnetosphere 
i n  t h e  region of t h e  n e u t r a l  points.  

The p o t e n t i a l  of a real geomagnetic f i e l d  was derived by Mead (Ref. 51, 
tak ing  i n t o  account t h e  d i s t r i b u t i o n  of t h e  outer  boundary poin ts  which 
w a s  obtained i n  t h e  works ( R e f .  10-13). ��owever, t h i s  d i s t r i b u t i o n  of 
t h e  surface current  when t h e  so l a r  wind flows along t h e  magnetosphere 
ac tua l ly  corresponds t o  a two-dimension,l flow case, s ince t h e  authors of 
t h e  works indicated above employed t h e  nethod of. flat cross  sec t ions  of 
t h e  s p a t i a l  magnetosphere form. Thus, t h e  surface poin ts  forming t h e  
cavi ty  boundary i n  each such cross  se t ion  a r e  not connected with each 
other,  s ince  t h i s  connection can on].& be obtained during a s p a t i a l  inves
t i g a t i o n  of t h e  problem. A s  a r e m  .i, of such a "two-dimensional" solut ion,  
t h e  magnetosphere boundary i s  broki n i n  t h e  region of t h e  neu t r a l  points .  
Extrapolation of t h e  so lu t ions  obt i ined by Spre i te r  and Beard i n  t h i s  
region cannot e l iminate  t h e  brea'. z i ther ,  and does not provide t h e  cor rec t  
f orm of t h e  magnetosphere bound?. y i n  t h e  v i c i n i t y  of t h e  n e u t r a l  points .  
Therefore, t h e  magnetic f i e l d  d , ; tr ibution i n  these regions must be de t e r 
mined by another method. 

Apparently, t h e  surface r.:.clrrents a r e  proton currents .  Due t o  t h e  
i d e a l  conductivity along t h e  inagnetic force  l i n e s  and t h e  la rge  mobil i ty  
of e lec t rons  as compared w i t ? i  protons, and a l s o  i n  view of t h e  f a c t  t h a t  
t h e  magnetic force  l i n e s  are "grounded" t h e  ionosphere, t h e  cur ren ts  
of charge separat ion disappear at  t h e  b o u n k y  layer  ( R e f .  14, 15). The 
surface dens i ty  of t h e  prGton boundary current  i s  as follows, according 
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Figure 4 

Magnetic Force Lines i n  t h e  Vicini ty  of a Neutral  Point 

to (Ref. 13): 

where i s  t h e  angle between t h e  normal to t h e  surface and t h e  d i r ec t ion  
of t he  solar wind. 

Above t h e  neu t r a l  point  A ( i n  terms of l a t i t u d e ) ,  the  'boundary 
current  which i n t e n s i f i e s  t h e  f i e l d  within t h e  magnetosphere flows i n  a 
d i r ec t ion  which i s  opposite to t h e  d i r ec t ion  of t h e  same current  a t  
l a t i t u d e s  below t h e  n e z t r a l  point  (Figure 3). Due to a decrease i n  t h e  
sweeping e f f ec t  of t h e  f i e l d  force l i n e s  on t h e  nocturnal s ide  (Ref. 5), 
when the re  i s  a s h i f t  t o  t h e  evening and morning s ides  t h e  surface 
currents  must c lose  around the  neu t r a l  point .  The geomagnetic f i e l d  i n  
t h e  v i c i n i t y  of t h e  neu t r a l  point w i l l  be decreased 'by t h e  f i e l d  of 
these  l 'circular 'r  currents .  When the rad ius  1 of t h e  c i r cu la r  current  
approaches zero, a point  which i s  p a r t i c u l a r l y  neu t r a l  i s  obtained, and 
thus t h e  solut ions match f o r  t h e  form of t h e  magnetosphere boundary i n  
t h e  v i c i n i t y  of t he  neu t r a l  point .  We should note t h a t  t h e  surface /291
currents  w i l l  not be purely c i r cu la r .  Apart from asymmetry i n  t h e  noon-
midnight d i rec t ion ,  a ce r t a in  elongation of t h e  current  "rings" i s  pos
sible along t h e  magnetosphere boundary i n  t h e  morn3 ng-evening d i rec t ion .  
I n  t h i s  case, a n e u t r a l  l i n e  appears on t h e  magnetosphere surface,  and 
t h i s  l i n e  i s  t h e  geometric loca t ion  of t h e  n e u t r a l  points .  The e f f e c t  
produced by a change i n  t h e  geomagnetic f i e l d  by t h e  c i r c u l a r  current ,  
i n  t h e  v i c i n i t y  of t h e  neu t r a l  point,  w i l l  depend on t h e  radius  of t h e  
c i r c l e  1/2. The l a rge r  t h e  radius  of t h e  current  c i r c l e ,  t h e  l a rge r  the  
s p a t i a l  region i n  which t h e  geomagnetic f i e l d  w i l l  be reduced, but  t he  
smaller w i l l  be t h e  r e l a t i v e  magnttude of t h i s  decrease. When the re  i s  
a decrease i n  t h e  c i r c l e  radius,  t he  r e l a t i v e  change i n  t h e  f i e l d  strength 
increases,  bu t  t h e  dimensions of t he  region i n  which t h e  f i e l d  i s  decreased 
are reduced. The e f f e c t  produced by a f i e l d  decrease i n  t h e  center  of t h e  
current c i r c l e  becomes appreciable, beginning with 1around 2 a. Actually, 
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at t h i s  d i s tance  from t h e  boundary i n  t h e  d i r ec t ion  toward t h e  Earth, t h e  
geomagnetic f i e l d  changes considerably under t h e  influence of t h e  boundary 
currents .  Thus, a hollow (funnel) i s  formed on t h e  magnetosphere surface; 
t h e  center  of t h i s  hollow i s  t h e  neu t r a l  point  (or t h e  neu t r a l  l i n e ) .  The 
boundary cur ren ts  flowing along t h e  funnel w a l l s  w i l l  form a sp i r a l ,  due 
to t h e  f ac t  t h a t  t h e  p a r t i c l e s  forming t h e  boundary current w i l l  have a 
ve loc i ty  component along t h e  magnetic f i e l d .  This s p i r a l  current  leads t o  
a s t i l l  l a rge r  expansion of t h e  flnnnel. 

The exis tence of t h e  flnnnel makes it possible  f o r  pa r t i c l e s ,  which 
are located i n  t h e  region between the  magnetosphere boundary and t h e  
f ront  of a s t a t iona ry  so la r  shock wave ( i n  t h e  magnetopause), t o  pass 
through t h e  boundary layer .  Thus, t h e  mult iple  r e f l e c t i o n  of p a r t i c l e s  
from t h e  magnetosphere boundaries, which takes  place i n  t h e  v i c i n i t y  of 
t h e  neu t r a l  point,  can be disregarded (Ref. 16). 

For exa,mple, l e t  us  examine a f l a t  model of a magnetic f i e l d  i n  t h e  
v i c i n i t y  of t h e  n e u t r a l  point,  as wel l  as t h e  motion of a charged p a r t i 
c l e  i n  t h i s  f i e l d .  The sca l a r  p o t e n t i a l  of t h e  magnetic f i e l d  i n  t h i s  
region, as  was shown i n  (Ref. 17), can be wr i t ten  i n  t h e  following form: 

1 

(I = --:;-(2-Z Z ) ,  2 >0 .  (2.2) 
The or ig in  of t h e  coordinate system employed coincides with t h e  neu t r a l  
point ;  t h e  xz-plane coincides with the  plane of t h e  noon meridia,n; t h e  
z - a x i s  i s  d i rec ted  within t h e  magnetosphere; t h e  y-axis i s  a neu t r a l  l i n e  
i n  the  given model (see Figure 4) .  

The components of  t h e  f i e l d  s t rength  are:  
iIx= -A x ,  
11, = 0, 
fI, = A z .  

The coef f ic ien t  A 3 0, A = -aHx/aX = aH,/az = const. The equations Of /292
motion for a charged p a r t i c l e  i n  t h i s  f i e l d  have t he  following form: 

where B = eA/mc. In tegra t ion  of these  equations i n  the  planes x = 0 and 
z = 0 y ie lds  : 
.. - . 

1 	 These so lu t ions  a r e  absolutely va l id  only f o r  two extreme cases, when t h e  
p a r t i c l e  moves along one of t h e  axes Oz or Ox (vn=O or wn=O, respect ively) .  
If vnf0 or wnf 0 ,  t h e  solut ions a r e  approximately va l id  only f o r  a l imited 

i n t e r v a l  of time, whose magnitude depends on Vn or Wny since t h e  p a r t i c l e  
t raJec tory  devia tes  from t h e  plane under consideration x=O or z=O. The
smaller a r e  vn or wn, t h e  l a rge r  t h e  time i n t e r v a l  i n  which t h e  solut ions 
are approximately va l id .  Since i n  a s ta t ionary  f i e l d  vn and Wn a r e  propor
t i o n a l  to s i n  8 ( 8  - p i t c h  angle of t h e  p a r t i c l e ) ,  t h e  so lu t ion  i n  ques
t i o n  has meaning f o r  r a the r  small 8. 
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Figure 5 

Diagram of Polar &if’$ Currents of  Penetrat ing P a r t i c l e s  

1 - Shock wave f ront ;  2 - Magnetosphere boundary; 3 - Force 
l i n e s  of geomagnetic f i e l d ;  4 - Region of geomagnetic t r a p  
(zone of trapped rad ia t ion) ;  5 - Polar d r i f t  currents  of 
pene t ra t ing  p a r t i c l e s  

a) X=O 

z = v, = const .  

un = ( 2 2  + g2) ‘11 = const  

‘b) z=O 

(2.5) 


x =w,-const ,  1 

w,= (g2 + z2)’/2= consl. 
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Here CL and Cz a r e  in tegra t ion  constants.  These solut ions have a c l ea r  
physical  meaning, and represent two extreme cases of t he  p a r t i c l e  t r a j e c 
t o r y  i n  t h e  v i c i n i t y  of  t h e  neu t r a l  point .  In t h e  f i rs t  case, t h e  p a r t i 
c l e  moves with a constant ve loc i ty  vs along t h e  z-axis, which i s  
t h e  axis of t h e  funnel  and i s  d i rec ted  within t h e  magnetosphere (see 
Figure 4). Thus, t h e  p a r t i c l e  r o t a t e s  with a constant ve loc i ty  around 
t h e  funnel axis i n  t h e  xy - plane. It i s  cha rac t e r i s t i c  t h a t  i n  t h i s  
case t h e  p a r t i c l e  does not undergo any magnetic r e f l ec t ion ,  i.e., t he re  
i s  no energy of motion r ed i s t r ibu t ion  which i s  perpendicular or p a r a l l e l  
t o  t h e  f i e l d .  

I n  t h e  second case, t h e  p a r t i c l e  moves along t h e  boundary magnetic 
force  l i n e  (perpendicular t o  t h e  z - a x i s )  a t  a constant ve loc i ty  ws. It 
thus  r o t a t e s  i n  the  xy plane at  a constant ve loc i ty  wno 

Since the re  i s  absolutely no magnetic re f lec t ion ,  p a r t i c l e s  with 
vs > 0 can penet ra te  t h e  funnel with no interference.  This process w i l l  
be most probable f o r  p a r t i c l e s  moving i n  t h e  plane x=O. 

When enter ing  t h e  magnetosphere, t h e  p a r t i c l e s  d r i f t  i n  a normal 
manner -

Due t o  t h e  nonuniformity of the  geomagnetic f i e l d ,  t he  d r i f t  /293
veloc i ty  i s  given by t h e  expression (see, f o r  example, [Ref. 181): 

and t h e  drift veloc i ty  produced by t h e  curvature of t h e  force l i n e  (Ref. 18) 
i s  

Here vn is t h e  ve loc i ty  component which i s  perpendicular t o  H; vs i s  t h e  
ve loc i ty  component p a r a l l e l  t o  H. 

It should be noted t h a t  during a magnetically quiet  period, t h e  inten
s i t y  of low-energy charged p a r t i c l e s  i n  t h e  magnetopause, c b s e  t o  t h e  
boundary of t h e  magnetosphere, amounts t o  5*l@’cm-’ -see-’ f o r  protons having 
energies of 60-100ev, - 108cm-2 sec-l - f o r  protons having energies of 
severa l  kev, and - lo8em-’ 0sec-l- f o r  e lectrons having energies grea te r  than 
200 ev (Ref. 19, 20). 

During a magnetically-perturbed period, t h e  stream in t ens i ty  of such 
p a r t i c l e s  considerably increases.  Due t o  t h i s  f ac t ,  in tense polar  d r i f t  
currents  of penetrat ing p a r t i c l e s  a r i s e  within t h e  magnetosphere (Figure 
5 ) .  Thus, t h e  dens i ty  of t h e  drift  current  equals (Ref. 18): 

j, z7+- 11 x {Vpn  -+- [(ps-pn)/p,nl(~~v)Z/SX>,
8 Pm 

where ps = mn$ i s  t h e  pressure of a p a r t i c l e  stream along t h e  ma,gnetic
(2-9) 

force l i ne ;  pn = b<t h e  pressure of a p a r t i c l e  stream which i s  perpen
d icu la r  t o  t h e  force  l i ne ;  pm = @/8rr - t h e  magnetic pressure.  
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Figure 6 

Model of Circular  D r i f t  Currents of Penetrat ing Charged P a r t i c l e s  

The protons d r i f t  t o  t h e  west ( t o  t h e  morning s ide) ,  and t h e  e lec t rons  
d r i f t  t o  t he  e a s t  ( t o  the  evening s ide) .  

/294

Since t h e  magnetosphere f i e l d  

i s  a s m e t r i c  with respect  t o  the  plane of t h e  morning and evening meri
dians ( the  magnetic f i e l d  is  smaller on the  nocturnal  s ide  of t h e  magneto
sphere than it i s  on the  d iu rna l  s ide) ,  i n  addi t ion  t o  f i e l d  gradient  
components which produce the  d r i f t  around t h e  polar  axis the re  i s  a f i e l d  
gradient  component which s h i f t s  t h e  d r i f t  current  t o  t h e  plane of t h e  
geomagnetic equator. The d r i f t  current  thus  flows outs ide of t h e  geomag
n e t i c  t r a p  ( i . e . ,  region where t h e  r ad ia t ion  i s  trapped),  flowing around 
it. On the  nocturnal  s ide  t h i s  current  s h i f t s  t o  t h e  equator ia l  plane 
and produces a "neutral  layer*' of t h e  f i e l d  and t h e  plasma dividing t h e  
northern and southern port ions of t h e  magnetosphere t a i l .  The magneto
sphere t a i l  r e s u l t s  from the  alignment of t h e  magnetic f i e l d  force  l i n e s  
on t h e  nocturnal  s ide  of t h e  magnetosphere, due t o  a decrease i n  t h e  
geomagnetic f i e l d  by the  f i e l d  of a penet ra t ing  p a r t i c l e  current .  It 
should be noted t h a t  t he  geomagnetic f i e l d  s t rength  i n  t h e  regions of the  
magnetosphere which a r e  on t h e  outs ide with respect  t o  the  d r i f t  current  
( i n  t h e  regions of t h e  magnetic force  l i n e s  passing through the  polar  
caps) w i l l  be increased 'both by t h e  boundary currents and by t h e  d r i f t  
current of pene t ra t ing  p a r t i c l e s .  

The d r i f t  cur ren ts  of pene t ra t ing  p a r t i c l e s  
outer  source of t h e  aurorae po la r i s  exc i t a t ion .  
charged p a r t i c l e s  of t he  d r i f t  cur ren ts  pour out 
pheric  layers  correspond t o  zones of t h e  aurorae 
t h e  inc l ina t ion  of t he  d r i f t  currents  toward the  

may a l s o  represent  t h e  
The zones where t h e  
i n t o  t h e  dense atmos
po la r i s  m a x i m u m .  Due t o  
equator ia l  plane,  these  

zones from which t h e  p a r t i c l e s  pour out w i l l  a c tua l ly  be d i s t r ibu ted  a t  
l a t i t u d e s  which axe lower on t h e  nocturnal  s ide  than on t h e  d iu rna l  s ide.  
They must have an oval  form, and t h e  width of t h e  zone from which t h e  
p a r t i c l e s  pour out w i l l  be grea te r  on t h e  nocturnal s ide  than on t h e  
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d iu rna l  s ide .  The amount of p a r t i c l e s  which a r e  poured out w i l l  a l s o  be 
grea te r  on t h e  nocturnal s ide  than on the  d iu rna l  s ide,  due t o  t h e  al ign
ment of t h e  force  l i n e s  i n  t h e  magnetosphere t a i l .  

Due to contract ion of t h e  f i e l d  on t h e  so l a r  s ide  and in t ens i f i ca 
t i o n  of t h e  c i r c u l a r  boundary currents,  during a magnetic storm t h e  
p a r t i c l e s  pene t ra te  to deeper layers  of t h e  magnetosphere, and these  
p a r t i c l e  streams are more intense than during a magnetically quiet  period. 

According t o  t h e  work (Ref. 18), t h e  force  of t h e  d r i f t  current  can 
be determined by formulas f o r  t h e  dipole  f i e l d ,  s e l ec t ing  t h e  p a r t i c l e  
d i s t r ibu t ion( - s ine le )  with respect  t o  t h e  p i t c h  angles i n  such a way 
t h a t  t he  p a r t i c l e  dens i ty  i n  the  high l a t i t u d i n a l  region i s  s l i g h t l y  
grea te r  than t h e  densi ty  i n  t h e  equator ia l  region. A t  an a r b i t r a r y  point  
on t h e  force l i n e  n(cp) t h e  p a r t i c l e  dens i ty  can be expressed by t h e  p a r t i 
c l e  dens i ty  on t h e  same l i n e  a t  t h e  equator ia l  point  n(0) i n  t h e  following 
way: 

11 (0) E:2 
I2 (cp) = n (0 )  (---) ,

(9) (2.10) 

where H ( 0 )  i s  t h e  f i e l d  s t rength  at t h e  equator of t h i s  force  l i n e .  If t h e  
current i s  concentrated a t  high l a t i t u d e s ,  then the  corresponding dipole  
force l i n e s  w i l l  have l a rge r  L (on t h e  order of 100). Then H(cp)/H(O) - lo4 
and f o r  e = -1.1 n(cp)/n(O) - 10". Assuming t h a t  t h e  p a r t i c l e  densi ty  
decreases by one or two orders of  magnitude during a s h i f t  along t h e  radius  
vector by one radius  of t h e  Earth, and assuming t h a t  nE z 500 k e v - ~ m - ~f o r  
t h e  e n t i r e  spectrum of p a r t i c l e s  penetrat ing t h e  magnetosphere from t h e  
magnetopause, according t o  formula (72) from t h e  work (Ref. 18) we can /295
obtain t h e  current  force:  

I =107-1 ~ 3 ~ .  (2.11) 
This quant i ty  i s  1-2 orders of magnitude grea te r  than i n  t h e  model of t h e  
equator ia l  c i r c u l a r  current  (Ref. 18). 

The change i n  the  geomagnetic f i e l d  s t rength close t o  t he  surface of 
t he  Earth by t h e  f i e l d  of t he  d r i f t  current was calcula,ted according t o  
the  following simple model. The d r i f t  current w a s  assumed t o  be c i r cu la r ,  
t h e  northern and southern c i r c l e s  were "fixed" a t  t h e  neu t r a l  po in ts  
(Figure 6), and t h e  radius  and inc l ina t ion  of t h e  c i r c l e s  were varied.  

Let us present a few of t he  computational r e s u l t s .  For 

r; ,= 0.1 = r,;  m 
I 1, 

-- GO"; ,-,'= 00' === O,Gr,,; 
I = 3.10 '~;  (pri = S3"a?d80°; r0 = G a a d l O n  

( fo r  t h e  notation, see Figure 6) Table 1 gives t h e  f i e l d  s t rength of 
currents  ( i n  gammas) at t h e  equator of t h e  Earth on t h e  d iu rna l  s ide  
( H 1 ( 0 ) ) ,  on t h e  nocturnal s ide  (Hz(O) ) ,  and a t  t h e  pole (Hp) .  

The current f i e l d  s t rength given i n  the  Table i s  proport ional  to 
t he  force  of t h e  current I, which al lows conversion f o r  any values of I. 
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TABLE 1 

10a 6a 

The magnetic f i e l d  of t h e  d r i f t  currents  decreases t h e  horizontal  
component of t h e  geomagnetic f i e l d  at t h e  mean and low l a t i t udes ,  and 
increases  t h e  v e r t i c a l  component i n  t h e  polar  regions.  

We should note t h a t  f i e l d  asymmetry on t h e  d iu rna l  and nocturnal 
s ides  i s  not observed f o r  every inc l ina t ion  of t h e  current  c i r c l e s  
toward the  equator ia l  plane. 

For t h e  example i n  question, t h e  magnetic moment of t h e  current  i s  
0.4 (Mo i s  t h e  magnetic moment of t he  Earth 's  dipole)  i n  the  case o f  
r o  = 6a. 

An intense drift current  of penetrat ing p a r t i c l e s  g rea t ly  changes 
the  geomagnetic f i e l d  i n  t h e  region where it i s  located, as a r e s u l t  of 
which t h e  c h a r a c t e r i s t i c s  of t h e  current i t s e l f  a r e  g rea t ly  changed. The 
work (Ref. 21) demonstrated t h e  f a c t  t h a t  an outer  neu t r a l  l i n e  which i s  
p a r a l l e l  t o  t h e  current can appear, due t o  t he  intense d r i f t  current  
i n  t h e  geomagnetic f i e l d .  I n  our case, t h i s  l i n e  s h i f t s  from t h e  current  
toward the  equator. Due t o  t he  appearance of t h i s  neu t r a l  l i ne ,  t h e  
hollow on t h e  magnetosphere boundary widens i n  t h e  v i c i n i t y  of t h e  neu t r a l  
point,  thus  presenting an addi t iona l  p o s s i b i l i t y  f o r  charged p a r t i c l e s  t o  
penetrate  t h e  magnetosphere from without, i n  t h e  region of lower l a t i t udes .  
Streams of these  p a r t i c l e s  i n t ens i fy  t h e  drift current .  I n  addition, as 
w a s  shown i n  t h e  work by Dungey (Ref. 22), t h e  reverse e f f e c t  of a f i e l d  
changed by t h e  current w i l l  lead t o  a sharp in t ens i f i ca t ion  of t h e  current 
i t s e l f .  

Under t h e  influence of a penetrat ing p a r t i c l e  current,  t h e  magnetic 
force l i nes ,  which def ine t h e  geomagnetic t r a p  a t  high l a t i t udes ,  w i l l  
be  al-igned. Thus, i n  addi t ion t o  a l a t i t u d i n a l  s h i f t  toward t h e  equator,/296 
t h e  drift current  of pene t ra t ing  p a r t i c l e s  w i l l  descend along t h e  aligned 
magnetic force  l ines .  

Similar e f f ec t s ,  but  on a smaller scale,  w i l l  t ake  place on t h e  noc
t u r n a l  side,  where the  d r i f t  current w i l l  also enter  t h e  region i n  space 
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occupied by t h e  geomagnetic t r a p .  Due t o  t h i s  f a c t ,  t h e  n e u t r a l  l ayer  i n  
t h e  magnetosphere t a i l  w i l l  begin a t  smaller geocentric dis tances ,  and 
t h e  magnetosphere boundary w i l l  approach t h e  Earth on t h e  nocturnal s ide.  

The geomagnetic f i e l d  decreases more appreciably at  t h e  mean and low 
l a t i t u d e s  as t h e  d r i f t  cur ren ts  approach t h e  Earth. The time required 
f o r  these  currents  t o  be establ ished corresponds t o  t h e  f irst  phase of a 
magnetic storm. The in t ens i f i ca t ion  of t he  cur ren ts  due t o  addi t iona l  
penetrat ion by outer  charged p a r t i c l e s  causes t h e  main phase of t h e  
storm t o  develop. The g rea t e s t  depth t o  which t h e  cur ren ts  descend cor
responds t o  t h e  maximum of t h e  main phase. 

D r i f t  of pene t ra t ing  charged p a r t i c l e s  i n  t h e  geomagnetic f i e l d  
leads t o  separation of  t h e  protons and electrons,  and t o  t h e  formation 
of morning proton branches and evening e lec t ron  branches of t h e  current .  
A similar charged separat ion occurs a t  t h e  magnetosphere boundary. 
However, as w a s  shown i n  t h e  works ( R e f .  14, l5), t h e  f i e l d  of t h i s  sepa
ra t ion  i s  balanced by p a r t i c l e s  from t h e  ionosphere, due t o  t h e  i d e a l  
conductivity along t h e  magnetic force  l i nes .  A t  t h e  same t i m e ,  t h e  pene
t r a t i n g  electrons,  which have grea te r  mobil i ty  than t h e  protons, w i l l  pene
t r a t e  more deeply along t h e  force  l i n e  under t h e  influence of t h i s  f i e l d  
of t h e  charge d i s t r ibu t ion .  Therefore, t h e  e lec t ron  branch of t h e  current 
w i l l  be diffused along t h e  magnetic force l i n e s .  A s  a r e s u l t ,  t h e  magnetic 
e f f ec t  of t h e  morning (proton) branch of t h e  current  w i l l  be stronger than 
t h e  evening branch (e lec t ron) ,  which i s  indicated i n  t h e  d iu rna l  va r i a t ions  
of magnetic per turba t ion  i n t e n s i t i e s .  

The inc l ina t ion  of t h e  Earth 's  axis t o  t h e  e c l i p t i c  plane causes one 
of t h e  d r i f t  cur ren ts  t o  have grea te r  i n t e n s i t y  than t h e  other .  This i s  
indicated i n  t h e  seasonal va r i a t ions  of magnetic storm in t ens i ty .  I n  
summer the  magnetic storms must be more intense than during winter.  

Due t o  t h e  more rapid descent of d r i f t  cur ren ts  on t h e  d iu rna l  side 
during a magnetic storm, t h e  zones from which t h e  p a r t i c l e s  pour out w i l l  
move downward i n  a l a t i t u d i n a l  d i r ec t ion  more r ap id ly  on t h e  d iu rna l  s ide 
than on t h e  nocturnal  s ide.  The l a t i t u d i n a l  asymmetry of these  zones, 
which was poin tedout  previously, a t  t he  surface of t h e  Earth w i l l  decrease. 

According t o  t h e  ca lcu la t ions  of Chapman and Akasof'u ( R e f .  21), t h e  
f luc tua t iona l  amplitude of protons i n  a d r i f t  current  which i s  perpendicu
lar t o  t h e  neu t r a l  l i n e  w i l l  be approximately t e n  times g rea t e r  than t h e  
amplitude of similar f luc tua t ions  of e lec t rons  having t h e  same energy. 
Consequently, t h e  protons w i l l  pene t ra te  more deeply i n t o  t h e  boundary 
region of t h e  geomagnetic t r ap .  This must lead t o  a separation of t h e  

p-oton and e lec t ron  f i e l d s  i n  t h e  zones from which p a r t i c l e s  pour out. As 
has already been s ta ted ,  as one recedes from t h e  pene t ra t ion  region t h e  
e lec t ron  and proton branches of t he  d r i f t  current  become separated. 
Therefore, e lec t rons  and protons ( i n  one and t h e  same s p a t i a l  region) must 
pour out concurrently only on t h e  d iu rna l  s ide.  Proton aurorae po la r i s  
must occur pr imar i ly  on t h e  morning side, while e lec t ron  aurorae p o l a r i s  
must pr imari ly  occur on t h e  evening s ide.  
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However, during a magnetically quie t  period t h i s  effect  may be sup
pressed, due t o  t h e  d r i f t  of p a r t i c l e s  which have poured out around t h e  
po la r  axis, s ince  t h e  process  of  t h e  p a r t i c l e s  pouring out w i l l  be  much 
less in tense  than  during a magnetic storm. According t o  t h e  theory 
discussed above, t h e  maximum p a r t i c l e  penetrat ion,  and consequently t h e  
most in tense  pouring out,  w i l l  occur during the  f irst  phase and during 
t h e  e a r l y  main phase of a storm. During t h e  main phase maximum, t h e  
steady, in tense  d r i f t  cur ren t  of pene t ra t ing  p a r t i c l e s  w i l l  prevent bo th  
pene t ra t ing  p a r t i c l e s  and p a r t i c l e s  of t h e  current  i t se l f  from pouring 
out.  /297 

I n  our opinion, t h e  following d a t a  provide experimental corrobora,tion 
of t h e  p i c t u r e  j u s t  presented f o r  t h e  penetrat ion of charged p a r t i c l e s  
within t h e  magnetosphere. 

1. The i n t e n s i t y  of magnetic per turbat ions,  bo th  during world wide 
storms a,nd during po la r  storms, i s  g rea t e s t  a t  high l a t i t udes ,  which 
correspond t o  t h e  regions which w e  have proposed for p a r t i c l e  penetrat ion.  

2. The ho r i zon ta l  component of t h e  f i e l d  within t h e  geomagnetic t r a p  
decreases during t h e  main phase of a storm, and t h e  ver t ica .1  component of 
t h e  f i e l d  increases  i n  t h e  region of t h e  polar  caps (beyond t h e  n e u t r a l  
po in t s ) .  

3. During a storm in tense  geomagnetic per turbat ions are accompanied 
by strongaurorae po la r i s ,  and a l s o  by a sharp increase i n  r ad io  emission 
absorption along t h e  aurorae p o l a r i s  zone and by an increase i n  e l ec t ron  
strea,ms i n  the  lower atmospheric l aye r s  i n  t h e  aurarae p o l a r i s  zone 
( R e f .  21).  We r e l a t e  t h i s  t o  charged p a r t i c l e s  pouring out of t h e  polar  
d r i f t  cur ren ts .  

4. I n  t h e  opinion of t h e  authors,  t h e  pos i t ion  of t h e  zones i n  which 
the  <?morae p o l a r i s  may be best observed, t h e  behavior of t hese  zones during 
magnetic storms ( R e f .  2 3 ) ,  and t he  f a c t  t h a t  t h e  aurorae p o l a r i s  a r e  observed 
a t  anomalously low l a t i t u d e s  during s t rong magnetic storms corroborate t h e  
general  theoret ica .1  p i c t u r e  which has been formulated f o r  p a r t i c l e  penetra
t i o n  within t h e  Ear th ' s  magnetosphere. 

5 .  I n  my opinion, t h e  asymmetry which w a s  r ecen t ly  pointed out 
( R e f .  24) i n  t h e  change of t he  hor izonta l  component of t h e  geomagnetic 
f i e l d  a t  low and mean l a t i t u d e s  during magnetic storms can be explained 
by  t h e  openness of t h e  drift  cur ren t  on t h e  nocturnal  side, and a l s o  by 
i t s  inc l ina t ion  toward t h e  equa to r i a l  plane. 

6. Measurements of t h e  geomagnetic f i e l d  and of low-energy charged 
p r t i c l e s ,  which were performed on the s a t e l l i t e s  l tElektron-1" and 

E lek t~on-2"( R e f .  25-27), i nd ica t e  t h a t  t he re  i s  a good co r re l a t ion  
between in tense  cur ren ts  of  low-energy p a r t i c l e s  and t h e  va r i a t ions  of 
t h e  geoma,gnetic f i e l d  i n  t h e  h igh - l a t i t ud ina l  regions of t h e  magnetosphere. 
Figures 7-9 present  t h e  r e s u l t s  derived from geomagnetic measurements on 
t h e  s a t e l l i t e  "Elektron-2" ( R e f .  25), as we l l  as t h e  r e s u l t s  derived from 
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Figure 7 

Measurements of Strength T of Magnetic Field on "Elektron-2" (Ref. 25) on January 30-
February 1, 1964 ( a ) .  Da.shed Line Shows Theoret ical  Values of Field Strength. Mea
surements of Electron Flux In tens i ty  with Energies of E > 20 kev (Ref. 26) on t 

S a t e l l i t e  "Elektron-1" ( b ) .  Geomagnetic k t i t u d e  cp i s  Shown; $-Index (c  
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Figure 8 

Difference Between t h e  Geomagnetic Field Strength Measured 
on t h e  S a t e l l i t e  "Elektron-2" and Theoret ical  Values of This 

Strength (Ref. 25), March 5, 1964 
(a);  In t ens i ty  measurements of a stream of e lec t rgns  of 
E 3 20 kev (Ref. 26) on t h e  s a t e l l i t e  "El-ektron-1 . The 
geomagnetic l a t i t u d e s  cp a r e  shmn (b); Change i n  the  horizon
t a l  component of t he  geomagnetic f i e l d  at t h e  College and 
Fredericksburg s t a t i o n s  ( c ) ;  5 - index (a). 

measuring t h e  i n t e n s i t y  of streams of low-energy e lec t rons  on t h e  s a t e l l i t e  
"Elektron-1" (Figures 7-8) ( R e f .  26) and on t h e  s a t e l l i t e  "Elektron-2" 
(Figure 9) (Ref 27). 

From our point  of view, t h e  occurrence of streams of low-energy i 

p a r t i c l e s  a t  high lati tu-des (Figure 7, 8), which corresponds with high-
l a t i t u d i n a l  po lar  per turbat ions and with the  Kp-index, can be explained 
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Figure 9 

Measurements of Electron Flux In t ens i ty  E = l k e v  on 
"Elektron-2" (Ref. 27), February 12, 1964 (a) ;  Differ
ence Between Geomagnetic Field Strength Measured on 
"Elektron-2" and Theoret ical  Values. Geocentric d i s t  
ances and Geographical Observational Lati tudes a re  Shown 
(Ref. 25) (b); Changes i n  Horizontal Component of Geomag
n e t i c  Field a t  t h e  College, Guam, Fredericksburg s t a t ions  
(c) ;  %-Index (d) .  
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'by t h e  penetrat ion of charged p a r t i c l e s  within t h e  magnetosphere. 

We would l i k e  t o  point  out Figure 9 i n  pa r t i cu la r ,  which shows t h e  
anomalous change i n  t h e  geomagnetic f i e l d  s t rength i n  t h e  region where 
a penetrat ing stream of e lec t rons  w a s  recorded. In  our opinion, t h i s  
corresponds t o  a decrease i n  t h e  geomagnetic f i e l d  s t rength  i n  t h e  region 
of t h e  penetrat ion current .  It should be noted t h a t  s i m i l a r  anomalous 
e f f e c t s  were observed severa l  times, and always on revolut ions passing 
a t  high geomagnetic l a t i t u d e s  on t h e  morning s ide.  On revolut ions which 
passed through t h e  region of low l a t i t u d e s  on t h e  evening s ide,  these  
phenomena were not discovered. W e  should r e c a l l  t h a t ,  according t o  our 
model, t h e  morning branch of t h e  d r i f t  current i s  more intense than t h e  
evening branch. 

The f i n a l  r e s u l t  derived from studying t h e  geomagnetic f i e l d  on 
"Elektron-2" i s  of  i n t e r e s t  (Ref .  25). With an increase i n  t h e  magnetic 
per turbat ion,  t h e  region i n  which t h e  difference between t h e  measured and 
ca,lculated geomagnetic f i e l d  s t rength  AT = 0 passes through zero, beyond 
which the  influence of t h e  f i e l d  of outer  sources on t h e  geomagnetic f i e l d  
i s  subs tan t ia l ,  i s  discovered i n  space at smaller geocentric dis tances  
and at lower 1.atitudes. Thus, t h e  s h i f t  i n  t h e  region AT = 0 t o  smaller 
d i s tances  and lower l a t i t u d e s  only takes  place i n  every observed case 
during the  main phase of a, storm, while t h e  region AT = 0 r e t a i n s  i t s  
pos i t ion  i n  space during t h e  i n i t i a l  phase. 

In  our  opinion, t h i s  ind ica tes  t h a t  po lar  d r i f t  currents  a r e  estab- [299
l ished toward t h e  end of t h e  f irst  phase of a storm, and t h a t  t h e  geomag
n e t i c  f i e l d  decreases s t rongly with t h e  f i e l d  of these d r i f t  currents  
during t h e  main phase of a magnetic storm. 

7. In  model experiments ([Ref. 28, 291 and o thers ) ,  when a plasma 
current f l o w s  around t h e  dipole  f i e l d ,  plasma penetrat ion i n t o  the  mag
netosphere i s  observed through t h e  n-u t ra l  points .  T h i s  i s  pa r t i cu la r ly  
apparent i n  Figure 10, a, which w a s  ta.ken from t h e  work (Ref. 28); t h i s  
Figure shows a plasma. current flowing i n t o  t h e  t a i l  on t h e  "nocturnal" 
s ide.  Figure 10, b,  (Ref. 28) shows t h e  manner i n  which p a r t i c l e  penetra
t i o n  changes when t h e  dipole  a x i s  i s  incl ined toward the  d i r ec t ion  of t he  
incoming stream. The d r i f t  current formed by posit ively-charged p a r t i c l e s  
flows along the  "morning'' s ide  i n t o  the  t a i l  of t he  magnetosphere (Figure 
10, e ) .  

8. rrExplorer-lO" (Ref. 30) f i rs t  observed the  e f f e c t  produced by t h e  
magnetosphere boundary approaching t h e  Earth on t h e  nocturnal s ide  during 
a magnetic storm. Measurements on i rExplorer-14" i n  1963 made it possible  
t o  study t h e  behavior of t h e  magnetic t a i l  of t h e  Earth i n  d e t a i l  (Ref. 31). 
They showed, f o r  example, thak on the  magnetically quiet  day of January /3Ol
27, 1963, i n  t h e  plane of t h e  geomagnetic equator t h e  aligned force l i n e s  
of t h e  t a i l  began on t h e  nocturnal side o f . t h e  Earth a t  d is tances  which were 
grea te r  than 10 a from t h e  center  of t he  Earth (Figure 11, a). In t h i s  
same region of space on January 30, 1963 during a magnetic storm with Kp=4 
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Figure 10 

Photograph from the  work (Ref. 28) showing the  
Penetrat ion of Charged P a r t i c l e s  Through t h e  
Neutral  Points Within t h e  Magnetosphere (Model 
Experiment). The axis of t h e  dipole  i s  perpen
d icu la r  t o  t h e  d i r ec t ion  of motion of t h e  plasma 
(a).  The penetrat ion diagram i l l u s t r a t e s  t h e  
case when t h e  dipole  ax i s  i s  incl ined t o  the  p1a.s
m a  stream. Penetration of p a r t i c l e s  i s  observed 
a t  a neu t r a l  point  extending toward t h e  stream 
(b).  Dis t r ibu t ion  of t h e  currents i n  the  experi
ment (Ref. 28) ( e ) .  

t h e  magnetic t a i l  began a t  a geccentric dis tance of 8 a (see Figure 11, b).  
It can a l so  be seen from Figure 11, b, t h a t  t h e  d r i f t  current of penetrat ing 
p a r t i c l e s  which c rea te  t h e  magnetic t a i l  of t h e  Earth leads t o  alignment of 
t he  force  l i nes  during a magnetic storm i n  t h e  region of t h e  geomagnetic 
t r a p  a t  high l a t i t udes .  

These r e s u l t s  f u l l y  subs tan t ia te  t h e  t h e o r e t i c a l  concepts presented 
above regarding t h e  d i s t r i b u t i o n  of d r i f t  currents  of penetrat ing p a r t i 
c l e s  on the  nocturnal s ide  and t h e i r  e f f e c t  upon t h e  geomagnetic f i e l d .  
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Geomagnetic Field Strength Measurements i n  the t a i l  of the Magnetosphere ( R e f .  31) 

a - Magnetically quiet day; b - Day with I$,=
4 




Figure l.2 

Meridional Cross Section of 
Whose F ie ld  i s  Transformed by 

and by t h e  Field of t h e  D r i f t  Current 

t h e  Magnetosphere, 
t h e  Outer Pressure 
of Penetrating Pa r t i c l e s  

1- Geomagnetic t r a p  'boundary on t h e  d iu rna l  s ide during t h e  main 
phase of a storm; 2 - Transverse c ross  sect ion of d r i f t  currents .  
Dotted l i n e  designates magnetic force  l i n e  of unperturbed dipole  
with L = 5 a. 

3. Capture of Charged P a r t i c l e s  i n  t h e  Geomagnetic Trap 
and Their Acceleration During t h e  Inverse Phase of a Magnetic Storm 

A s  has a l ready been indicated,  during t h e  main phase of a storm t h e  
f i e l d  i n  the  geomagnetic t r a p  i s  deformed due t o  the  influence of a pene
t r a t i n g  p a r t i c l e  current .  This deformation i s  as follows. The force 
l i n e s  of t h e  f i e l d  which define t h e  geomagnetic t r a p  a t  t h e  high l a t i t u d e s  
become aligned and approach t h e  equator. Thus, h igh - l a t i t ud ina l  regions 
of t h e  geomagnetic trap, which were previously inaccessible,  are opened up 
t o  t h e  penetrat ing p a r t i c l e s .  

The e f f e c t  of t h i s  " l a t e r a l  contraction" of t h e  magnetic t r a p  during 
t h e  main phase of a storm w i l l  be p a r t i c u l a r l y  intense,  i f  t h e  outer  bound
a ry  of t h e  geomagnetic t r a p  - which i s  located a t  a smaller dis tance from 
t h e  Earth during t h e  f i rs t  phase of a storm than during a magnetically-
quiet  period - remains a t  t h i s  same dis tance during t h e  main phase. The /303 

409 



Diagram of Normal Magnetic Trap of Charged P a r t i c l e s  
Used i n  Plasma Physics 

1 - Magnetic mirrors.  

t o t a l  magnetic stream within t h e  geomagnetic t r a p  decreases simultaneously, 
which r e s u l t s  from t h e  f i e l d s  of  polar  d r i f t  cur ren ts  being superimposed on 
t h e  magnetic f i e l d  within t h e  t r a p .  

Let us examine a penetrat ing p a r t i c l e  d r i f t i n g  along t h e  boundary of 
t h e  geomagnetic t r a p  (see Figure E). Let us assume t h a t  a sh i f t  i n  t h e  
boundary force l i n e  toward t h e  equator ia l  plane causes t h i s  p a r t i c l e  t o  
en ter  t h e  region through which t h e  dipole  force l i n e  passes i n  a norma.1, 
unperturbed s t a t e  - f o r  example, with L = 5a. 

However, t h e  t o t a l  magnetic stream @, which passes through t h e  d r i f t  
r i ng  of t h e  p a r t i c l e  and which i s  t h e  t h i r d  ad iaba t ic  invar ian t ,  does not 
equal t h e  stream Go passing through t h e  same d r i f t  r i ng  i n  a f i e l d  unper
turbed by t h e  storm (dipole) .  If t h e  p a r t i c l e  d r i f t s  along t h e  surface 

%with L = 5a i n  an unperturbed f i e l d ,  then t h e  stream Io@.In  t h e  
example under consideration, ca lcu la t ions  show t h a t  i n  a perturbed f i e l d  
P = P o  f o r  a dipole  l i n e  with L = 3a. 

After t h e  abrupt termination of t h e  s o l a r  stream causing t h e  storm, 
sha,rp r e s to ra t ion  of t h e  geomagnetic f i e l d  i s  i n i t i a t e d .  Since t h e  s o l a r  
stream i s  a perturbing f ac to r ,  t h e  r e s to ra t ion  of  t h e  f i e l d  i s  i n i t i a t e d  
outside,  from t h e  magnetosphere boundary. A s  a r e s u l t ,  t h e  boundary 
re turns  t o  i t s  unperturbed s t a t e  ro = loa. The neu t r a l  po in ts  s h i f t  l a t i 
tud ina l ly  toward t h e i r  i n i t i a l  pos i t i on  cp = 172'. A rupture thus occurs 
between the  stream of pa . r t ic les  enter ing through t h e  neu t r a l  po in ts  and 
t h e  stream of p a r t i c l e s  penetrat ing during t h e  main phase of t h e  storm. 
The d r i f t  currents  of penetrat ing p a r t i c l e s  axe trapped i n  t h e  magneto
sphere regions which a r e  outs ide t h e  geomagnetic t r ap .  The f i e l d  of t h e  
geoma,e;netic tra,p w i l l  be  res tored  more slowly c loser  t o  t h e  Earth than. 
on i t s  boundaxy. During t h i s  r e s to ra t ion  process, " l a t e r a l  extension'' of 
t he  geomagnetic t r a p  will OCCUT, leading t o  deeper penetra,tion of t he  
trapped p a r t i c l e s  within t h e  t r ap  and t o  acce lera t ion  of these  p a r t i c l e s .  
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I n  order t o  understand t h e  manner i n  which t h e  charged p a r t i c l e s  
pene t ra te  t h e  depth of t h e  t r a p ,  as wel l  as t h e  m a n n e r  i n  which they a r e  
trapped and accelerated,  l e t  u s  examine a t r a p  (see Figure 13) i n  which 
t h e  plasma hea ts  up under laboratory conditions (we  s h a l l  c a l l  t h i s  a 
s t r a i g h t  t r a p ) .  

If adiaba t ic ,  l a t e r a l - or, as it i s  ca l led ,  rad ia l -cont rac t ion  of 
this t r a p  occurs i n  such a way t h a t  t h e  first,  second, and t h i r d  adia
b a t i c  i nva r i an t s  of t h e  charged 'par t ic le  motion i n  t h e  magnetic f i e l d  a r e  
re ta ined,  then the  p a r t i c l e s  w i l l  approach the  t r a p  ax is ,  and t h e i r  energy/304 
and dens i ty  w i l l  increase.  The acce lera t ion  of charged p a r t i c l e s  i n  a 
contracted t r a p  i s  be ta t ronic .  
well-known (Ref. 33). 

The mechanism f o r  t h i s  acce lera t ion  i s  
During ad iaba t ic ,  r a d i a l  contract ion,  be t a t ron ic  

acce lera t ion  leads t o  an increase i n  t h e  ve loc i ty  component of t h e  
p a r t i c l e  which i s  perpendicular t o  t h e  magnetic force  l i ne ,  and t o  an 
increase i n  t h e  p a r t i c l e  p i t c h  angle.  

If not only r a d i a l  cont rac t ion  of t h e  t r a p  occurs, bu t  a l s o  contrac
t i o n  along t h e  axis ,  then t h e  energy and dens i ty  of t h e  charged p a r t i c l e s  
increase t o  s t i l l  a g rea t e r  extent ,  s ince add i t iona l  Fermi acce lera t ion  
occurs due t o  convergence of t h e  magnetic mirrors. As  a r e s u l t  of t he  Fermi 
acce lera t ion ,  t h e  p a r t i c l e  p i t c h  angle decreases (Ref. 3 3 ) .  

We should a l s o  note t h a t  i n  ad iaba t ic  contract ion t h e  t o t a l  magnetic 
stream P must remain constant through t h e  d r i f t  o r b i t  of t h e  p a r t i c l e s  
around t h e  t r a p  axis, s ince  it i s  an ad iaba t ic  invar ian t .  Due t o  t h e  
invar ian t  na ture  of @, during contract ions t h e  p a r t i c l e  w i l l  be located 
a t  one and t h e  same surface of t h e  fo rce  l i nes ,  but  t h i s  dr i f t  surface 
w i l l  approach t h e  t r a p  ax is .  P a r t i c l e  acce lera t ion  i n  t h i s  type of t r a p  
has been s tudied extensively i n  plasma physics. 

The behavior of t h e  geomagnetic t r a p  i s  d i f f e r e n t  during the  inverse 
phase of a storm, because i t s  f i e l d  - when t h e  s t rength  i s  both decreased 
and increased - i s  not transformed due t o  expansion or contraction, bu t  
due t o  the  superposi t ion of an add i t iona l  outer  f i e l d  of t h e  d r i f t  cur ren ts .  
Therefore, t he  geomagnetic t r a p  i s  contracted when t h e  f i e l d  s t rength  
decreases and i s  expanded when t h e  f i e l d  s t rength  increases .  ' This provides 
a b a s i s  f o r  c a l l i n g  such a t r a p  an inverse t r ap .  

The phys ica l  processes i n  an inverse t r ap ,  which a r e  r e l a t e d  t o  a 
change i n  energy, densi ty ,  and p i t c h  angles  of t h e  charged p a r t i c l e s ,  
ba re ly  d i f f e r  from processes i n  a s t r a i g h t  t r ap ,  and can b e  described by 
t h e  same formulae which are extensively used i n  plasma physics. 

However, one p r i n c i p a l  d i f fe rence  l i e s  i n  t h e  f a c t  t h a t  t h e  t o t a l  
change i n  t h e  s i z e  of t h e  inverse t r a p  f i e l d  when it i s  expanded corres
ponds, i n  terms of t h e  phys ica l  r e s u l t s ,  t o  t h e  change i n  the  s i z e  of t h e  
d i r e c t  t r a p  f i e l d  when it i s  contracted.  

For example, i f  t h e  magnetic stream through t h e  c ross  sec t ion  of t h e  
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Figure 14 

Change i n  Magnetic F ie ld  Strength i n  t h e  Equator ia l  
Plane During t h e  Inverse Phase of a Storm (1); 

Change i n  i n t e n s i t y  of charged p a r t i c l e  streams during 
t h e  inverse phase of a storm i n  the  equator ia l  plane (2); 
change i n  t g  8 a t  d i f f e ren t  dis tances  from t h e  Earth i n  the  
equator ia l  plane (3). 

d r i f t  surface of pene t ra t ing  p a r t i c l e s  equals m f o r  L = 3a at  t h e  end 
of t h e  main phase of a storm, then during t h e  inverse phase t h e  accelera
t i o n  of p a r t i c l e s  and t h e  increase i n  t h e i r  dens i ty  i n  t h e  geomagnetic 
t r a p  w i l l  be t h e  same as i n  a d i r e c t  t r a p  during contract ion from L = 10a 
to L = 3a. The mean r e l a t i v e  increase i n  energy W during t h i s  contract ion 
- i f  it i s  assumed t h a t  it i s  uniform both along t h e  radius and along t h e  
axis - w i l l  equal (Ref .  32): 

Here V i s  t h e  area occupied by t h e  f i e l d ;  n - t h e  p a r t i c l e  density.  In /305 
our example, W ( t ) / W ( O )  = 11and n(t)/n(O) = 37. This e f f e c t  adequately 
explains t h e  experimentally-observed increase i n  t h e  i n t e n s i t y  of high-
energy p a r t i c l e  streams by one order of magnitude i n  t h e  outer  zone during 
t h e  inverse phase of  a storm. 

oeta t ronic  acce lera t ion  due only to radial contract ion a t  any point  
on t h e  geomagnetic t r a p  i s  given by t h e  expression 

The change i n  p a r t i c l e  densi ty  i s  a l s o  proport ional  to P. The change i n  t g 8 ,  
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where 8 i s  t h e  p i t c h  angle, i s  

Figure 14 presents  graphs of t h e  r e l a t i v e  change i n  t h e  geomagnetic f i e l d  
within t h e  geomagnetic t r ap ' ( cu rve  1) i n  t h e  equator ia l  plane at d i f f e ren t  
d i s tances  from t h e  center  of t h e  Earth.  It a l s o  gives t h e  change i n  
i n t e n s i t y  of a p a r t i c l e  stream J (curve 2) and t 8 (curve 3), correspond
ing t o  these  f i e l d  changes. The quan t i t i e s  J ( t ) T J ( O )  and t g  8 ( t ) / t g  e(0)  
a r e  found fo r  a storm i n  which t h e  force l i n e  encompassing t h e  magnetic 
stream @ = %, f o r  L = 3a i s  t h e  boundary force l i n e  of t h e  geomagnetic t r a p  
during t h e  main phase. Thus, the p a r t i c l e  spectrum of t h e  r ad ia t ion  zone 
formed w i l l  depend on t h e  d is tance  R from t h e  center  of the  Earth; t h e  
grea te r  i s  R, t h e  smaller i s  t h e  maximum energy of t h e  trapped p a r t i c l e s .  

W e  should note t h a t  a rigorous ca lcu la t ion  a l s o  requi res  t h e  consid
e ra t ion  of t h e  axial contract ion due t o  t h e  ascent of t h e  specular points .  
The change i n  t h e  longi tudina l  p a r t i c l e  energy due t o  axial contract ions 
i s  

and t h e  decrease i n  t h e  p i t c h  angle i s  characterized by the  expression 

Here 4: i s  t h e  d is tance  between t h e  specular po in ts  of t h e  p a r t i c l e  
along t h e  magnetic force  l i ne .  

We should point  out t h a t  t h e  coeff ic ient  k i s  s m a l l  during purely 
r a d i a l  contraction, and becomes s i  n i f i can t  0~1.yi n  t h e  case of very great  
contract ion ( 8  - lOOO), when k zz P . I n  addition, p a r t i c l e s  f a l l i n g  on 
one and same force  l i ne ,  bu t  a t  d i f f e r e n t  po in ts  along it, acquire differ
ent  energies as a r e s u l t  of t h e  accelerat ion,  s ince P w i l l  change along 
t h e  force  l i ne .  

Thus, t h e  graphs shown i n  Figure 14 can be analyzed and show t h e  
minimum r e l a t i v e  acce lera t ion  f o r  p a r t i c l e s  located i n  t h e  equator ia l  
plane. A rigorous computation of trapped p a r t i c l e  d i s t r i b u t i o n  i n  t h e  /306
geomagnetic t r ap ,  as w e l l  as t h e i r  e n e r m  spectrum,is only poss ib le  by

1rsolving t h e  so-called contract ion equations". These equations connect 
t h e  p a r t i c l e  t r a j e c t o r y  i n  a magnetic f i e l d  which i s  modified during t h e  
main phase of  a storm with t h e  p a r t i c l e  t r a j e c t o r y  i n  a f i e l d  unperturbed 
by a storm. These equations are due t o  t h e  r e t en t ion  of t h e  first,  
second, and t h i r d  ad iaba t ic  invar ian ts  p = const, J = const, @ = const (p- t h e  magnetic moment of t h e  p a r t i c l e ,  J - t h e  longi tudina l  invar ian t ) .  

Due t o  t h e  ad iaba t ic  invar ian t  nature of p, w e  have 
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where 2s0 i s  t h e  d is tance  along t h e  force  l i n e  between t h e  specular po in ts  
at t h e  i n i t i a l  moment of time (SO E so(O), 2s; - t h e  same dis tance a t  t h e  
moment of time t(s6 s o ( t ) ) .  The value of SA i s  found from t h e  second 
contract ion equ-tion which i s  due t o  t h e  r e t en t ion  of J: 

Here s i s  t h e  a r c  length of t h e  magnetic force  l i n e  read off  from t h e  
equator at t h e  i n i t i a l  moment of t ime(s 5 s(0); S' - t h e  same length at 
t h e  moment of time t ( s '  s ( t ) ) .  

The d i s t r i b u t i o n  of t h e  magnetic f ie ld  s t rength  along the  force  l i n e  
depends on t h e  dis tance of t he  given force  l i n e  from t h e  center  of t h e  
t r a p  ( i n  t h e  geomagnetic f i e l d  from t h e  center  of t h e  Earth) a f t e r  con
t r a c t i o n .  For example, t h e  funct ion H ( t , s ' )  can be given f o r  t h e  geomag
n e t i c  f i e ld ,  if i s  known - t h e  equator ia l  dis tance of t h e  given force 
l i n e  from the  t r a p  axis after contract ion of t h e  t r a p  f i e l d .  This 
dis tance can be found from t h e  equation r e s u l t i n g  from t h e  re ten t ion  of 
Q. 


If @ = const, then i n  t h e  equator ia l  plane we have 
Ro Ii0'

j R I ~ ( G ,i : ) d ~= 5 " t ,  x ' ) ~ x ' ,  (3.7) 
0 0 

where Ro = R(O), E R d ( t ) -

Due t o  t h e  r e s to ra t ion  of t h e  geomagnetic f i e l d  during t h e  inverse 
phase of a storm, a current  of penetrat ing p a r t i c l e s  w i l l  be d iss ipa ted ;  
t h i s  d i s s ipa t ion  i s  r e l a t ed  t o  charged p a r t i c l e s  pouring out i n t o  dense 
atmospheric layers,  and t o  t h e  d i s t r i b u t i o n  of p a r t i c l e s  which have not 
poured out ( trapped) over a la rge  volume of t h e  geomagnetic t r a p .  The 
time required f o r  t o t a l  d i s s ipa t ion  of t h e  current  - i .e . ,  t h e  time 
required f o r  t o t a l  penetrat ion of t h e  geomagnetic t r a p  f i e ld  i n  t h e  
region occupied by t h e  current - corresponds t o  t h e  inverse phase of t h e  
storm. The d i s s ipa t ion  of drif ' t  currents  of penetrat ing p a r t i c l e s  can 
be computed by solving t h e  equations of a se l f -cons is ten t  f i e l d .  

A s  has a l ready been indicated,  protons i n  a drif't current have much 
l a rge r  f luc tua t ion  amplitudes with respect  t o  t h e  neu t r a l  l i n e  than do 
e lec t rons  having t h e  same energy. Therefore, protons w i l l  be t h e  f i r s t  
t o  be trapped by t h e  restored f i e l d  of t h e  geomagnetic t rap ,  and as a 
r e s u l t  t h e i r  r e l a t i v e  energy increase W ( t ) / W ( O )  w i l l  be  much grea te r  than 
it i s  fo r  e lectrons.  It i s  apparent t h a t  t h i s  e f f e c t  w i l l  b e  p a r t i c u l a r l y  
s t rong f o r  t h e  high-energy por t ion  of protons i n  t h e  drift current .  There
fore,  t h e  m a x i m u m  of trapped protons must be located at a smaller dis tance 
from t h e  center  of t he  Earth than i s  t h e  e lec t ron  maximum. However, t h i s  
does not prevent penetrat ing electrons from penetrat ing t h e  geomagnetic 
trap t o  very grea t  depths, bu t  t o  do t h i s  they must have an energy accel
e ra t ion  which i s  much grea te r  than t h e  energy of protons i n  t h e  drift current .  
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Figure 15 

I n t e n s i t y  of a Stream of Electrons of 100 kev < E  < 1000 kev 
i n  t h e  Region of t h e  Outer Radiation Zone Maximum i n  t h e  Vici
n i t y  of t h e  Geomagnetic Equator During a Magnetic Storm 
iAccording t o  t h e  Data from "~xp lo re r -6"  (Ref. 35)], cp = rt 10' 
(1); Simultaneous Measurements of Magnetic F ie ld  Strength 
According t o  D a t a  CTbtaLned on Earth (2);  %-index (3) .  

The appeara,nce of a second (e lec t ron)  maximum corresponds t o  the  f i n a l  /307 
s tage i n  the  f i e l d  r e s to ra t ion ,  when the  f i e l d  has penetrated the  region 
containing t h e  main mass of p a r t i c l e s  i n  the  d r i f t  current .  I n  t h i s  case, 
t h e  p a r t i c l e s  have much smaller energies,  and t h e  maximm i s  located 
f a r t h e r  from t he  E a r t h  than t h e  f i r s t  maximum (proton).  

The d is tances  of t hese  m a x i m a  from the  center of t h e  Earth, and a l s o  
t h e  l a rges t  energy acquired by t h e  p a r t i c l e s ,  a r e  r e l a t e d  t o  t h e  i n t e n s i t y  
of t h e  magnetic storms. For example, i f  t h e  geomagnetic t r a p  boundary 
during t h e  main phase of a storm passes through the  region in te rsec ted  by 
t h e  force l i n e  with L = 5a during a magnetically quiet  period, j u s t  as 
i n  t h e  example which we discussed above (page 411), then t h e  first 
(proton) maximum appears a f t e r  t h e  storm at  t h e  d is tance  RO = 3a from t h e  
center  of t h e  Earth. The second (e lec t ron)  maximum appears at t h e  d i s 
tance h = 5a. Naturally,  t hese  m a x i m a  w i l l  be  somewhat b lur red  with 
respect  t o  R, due t o  gra,dual pene t ra t ion  of t h e  res tored  geomagnetic f i e l d  
i n  the  region of t h e  drift  current .  

It follows from t h e  statements given above t h a t  t h e  energy spectrum 
of p a r t i c l e s  captured by t h e  geomagnetic t rap ,  a s  w e l l  as t h e  d i s t r i b u t i o n  
of t hese  p a r t i c l e s  within the  t r a p  w i l l  be  determined by t h e  following 
f ac to r s :  (a) By t h e  i n i t i a l  energy spectrum of penetrat ing p a r t i c l e s ;  



Figure 16 

Measurement of P a r t i c l e  Streams i n  t h e  Outer Zones 
During Magnetic Storm (Data from "Explorer-12") (Ref. 36) 

a - High-energy p a r t i c l e s :  1 - before t h e  
storm, 2 - main phase, 3 - l a t e r  inverse  phase 
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Measurement of Particle Streams in the Outer Zones 
During Magnetic Storm (Data f r o m  "Explorer-12")(Ref. 36) 

b - Low-energy particles; 1 - early main 
phase, 2 - main phase, 3 - laker inverse 

phase. 



('b) By t h e  i n t e n s i t y  of t h e  spec i f ic  magnetic storm producing t h e  p a r t i c l e  
penetration, and t h e  corresponding f i e l d  change; ( c )  By t h e  d i s t r i b u t i o n  
of t h e  specular po in ts  of penetrat ing p a r t i c l e s  along a spec i f i c  magnetic 
force l ine ;  (a) By t h e  equator ia l  dis tance of a given force l i n e  from t h e  
center of t h e  Earth. 

The d i s t r lbu t ion  of charged p a r t i c l e s  within t h e  geomagnetic t r a p  
w i l l  a l s o  depend on t h e  penetrat ion r a t e  of t h e  res tored  geomagnetic 
f i e l d  i n  t h e  region where t h e  d r i f t  current  i s  located. 

We should note t h a t  deviat ions from the  spectrum of ad iaba t ic  accelera
t i o n  can occur which are r e l a t e d  t o  t h e  per turba t ion  of J and 4 for 
ce r t a in  groups of p a r t i c l e s ,  due t o  a r a t h e r  sharp r e s to ra t ion  of geomag
n e t i c  f i e l d  during t h e  inverse phase of a storm. The nonconservation /3O8 
of J and 4 must lead t o  p a r t i c l e  diffusion i n  much deeper regions of t h e  
geomagnetic t r a p  than with an ad iaba t ic  change i n  t h e  f ie ld .  A s  a r e s u l t  
of t h i s  diff 'usion, t h e  e lec t rons  and protons can penet ra te  t o  t h e  region 

3 even when ad iaba t ic  accelerat ion permits pene t ra t ion  up to t h e  
maximum depths of L - 3. 

Ekperimental s tud ies  have shown t h a t  i n  recent  years, when so la r  /309
a c t i v i t y  has decreased, an outer  proton zone has appeared with a maximum 
at t h e  magnetic envelope L = 3a (Ref. 34). Based on measurements I 

I tperformed on Elektron-1" and "Elektr0n-2~', t h e  outer  e lec t ron  zone m a x i 
mum s h i f t s  by one Earth radius  as compared with t h e  period of a perturbed 
Sun (with L = 4 at L = 5) ;  t h e  maximum e lec t ron  energy i n  t h e  region of 
t h e  zone maximum apparently decreases. 

The t h e o r e t i c a l  p i c tu re  presented above of t h e  i n t e n s i t y  change 
of trapped r ad ia t ion  i n  t h e  geomagnetic t r a p  during a magnetic storm 
c lose ly  coincides a l s o  with t h e  r e s u l t s  derived from experimental 
s tudies .  Figure 15 shows t h e  i n t e n s i t y  i n  t h e  outer  r ad ia t ion  zone 
during severa l  magnetic storms during August-October, 1959, based on 

/31-0 
measurements performed on 1r&-plorer-61r(Ref. 35). It can be seen t h a t  
t h e  i n t e n s i t y  of  high-energy rad ia t ion  sharply decreased during t h e  main 
phase of a s t rong magnetic storm on August 18 i n  t h e  outer  zone. During 
the  inverse phase of t he  storm, it increased by almost one order of magni
tude, as compared with t h e  magnetically quie t  period. 

Figure 16 presents  t h e  r e s u l t s  derived from s i m i l a r  measurements 
rr 
on Ekplorer-12" ( R e f .  36) during a magnetic storm on August 30-September 

3, 1961. The stream in t ens i ty  of  high-energy p a r t i c l e s  i n  t h i s  case a l s o  
sharply decreased during t h e  main phase of t h e  storm, and increased by 
more than one order of magnitude during t h e  inverse phase (Figure 16, a) .  
However, equipment on "Explorer-32" a l s o  recorded streams of r e l a t i v e l y  
low-energy charged p a r t i c l e s  (protons 40 kev < E < 50 kev; e lec t rons  
80 kev < E 100 kev). These r e s u l t s  a r e  of p a r t i c u l a r  i n t e r e s t .  It can 
be seen from Figure 16, by t h a t  during t h e  la ter  main phase t h e  i n t e n s i t y  
of p a r t i c l e  streams i n  t h i s  energy range sharply increased i n  t h e  region 
of t h e  outer  r ad ia t ion  zone, while it decreased during t h e  inverse stage. 
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Figure 17 

Distribution of hw-Energy Electrons i n  the  Region of t he  Aurorae P o l a r i s  Maximum Based on Data From 
Measurements on "Injun-3" 

a - In  a magnetically-quiet period (Ref. 37); 1 - Maximum of low-energy electron streams; 2 - Trapped 
electrons, E > 40 kev; 3 - Emitted electrons,  E 3 40 kev; 4 - Radiation of t he  A u r o r z  Polar is  
X 3914 A. 

b - During a magnetic storm on January 31, 1963 ( R e f .  37); 1 - Part ic les  o f  the  Aurorae Pol+; 2 - trapped 
electrons, E > 40 kev, a = 90'; 3 - Emitted electrons, E > 40 kev, a = 50'; 4 - Radiation N,. 



The occurrence of these  p a r t i c l e s  during t h e  main phase of t h e  storm can 
be explained 'by t h e i r  penetrat ion i n t o  t h e  geomagnetic t r ap ,  while t h e i r  
disappearance during t h e  inverse phase can be explained by be ta t ronic  accel
e ra t ion .  

The measurements performed on t h e  a r t i f i c i a l  sa te l l i te  " I n j ~ n - 3 ~ 'at 
low a l t i t u d e s  i n  t h e  region of high l a t i t u d e s  a r e  p a r t i c u l a r l y  i n t e r e s t i n g  
(Ref. 37). Figure 17, a, shows t h e  d is t r i 'bu t ion  of low-energy e lec t rons  
producing the  aurorae po la r i s  i n  a magnetically quie t  period. A minimum 
zone between regions containing these  e lec t rons  and e lec t rons  captured by 
t h e  geomagnetic t r a p  i s  p a r t i c u l a r l y  apparent. This zone passes 
approximately along t h e  force  l i n e  of t h e  unperturbed dipole  with L = 8a. 

We can explain t h e  outer  maximum of low-energy e lec t rons  i n  t h e  
region 8a < L < 10a by a current  of e lec t rons  pene t ra t ing  through t h e  
neu t r a l  points ;  t h i s  current  is  diffused along t h e  force  l ine .  We 
should point  out t h a t  t h e  s i z e  of t h e  region bL N 2a occupied by t h i s  
current  coincides with t h e  t h e o r e t i c a l  estimates.  During a magnetic 
storm of mean in tens i ty ,  a s  w a s  shown i n  t h e  example which we discussed, 
t h e  current maximum of pene t ra t ing  e lec t rons  must be located at a d i s 
tance corresponding t o  t h e  l i n e  of an unperturbed dipole  with L = 5a. 
However, t h e  most energet ic  e lec t rons  can reach t h e  magnetic surface 
with L = 3a (page 414 ). 

It can be seen from H g u r e  17, by t h a t  t h e  r e s u l t s  of measurements 
on " I n j ~ n - 3 ~ ~( R e f .  37) during a magnetic storm on January 31, 1963, with 

% = 5 f u l l y  coincide with t h e  t h e o r e t i c a l  p i c tu re  presented above f o r  
t e acce lera t ion  and capture of charged p a r t i c l e s  during t h e  inverse 
phase of a magnetic storm. Unfortunately, "Injun-3" moved. a t  low a l t i 
tudes a t  which - i n  our opinion - it would be impossible t o  measure t h e  
d r i f t  current  m a x i m u m  of penetrat ing protons. The i n t e n s i t y  d i s t r ibu t ion  
of pene t ra t ing  protons would have t o  have an inverse dependence on L, 
according t o  t h e  t h e o r e t i c a l  p i c tu re  presented above. 

Measurements performed on 'rExplorer-7" i n  1959 during a s t rong 
magnetic storm (lcp = 8) revealed a similar, bu t  much more intense,  
in t rus ion  of a penet ra t ing  e lec t ron  current  up t o  t h e  magnetic envelopes 
with L = 3.ia ( R e f .  38) I n  our opinion, t h e  outer  e lec t ron  maximum must 
begin with L x 3a, while t h e  l a rges t  e lec t ron  energy i n  t h e  region of 
t h i s  m a x i m u m  must considerably exceed t h e  e lec t ron  energy at t h e  m a x i m u m  
for L = 5a. A s  i s  known, i n  1959 ( the  year of maximum so la r  a c t i v i t y )  
t h e  satel l i te  "~xp lo re r -6"  (Ref .  35) discovered t h e  so-called & zone of 
high-energy e lec t rons  located a t  t h e  dis tance R = 3a f r o m t h e  center  of 
t h e  Earth. 

According t o  t h e  t h e o r e t i c a l  concepts presented a%ove, t h e  outer  
proton zone must be ''submerged" i n  t h e  inner  r ad ia t ion  zone of t h e  Ea,rth 
during such l a rge  changes i n  t h e  geomagnetic f i e l d .  

The behavior of streams of e lec t rons  captured by the  geomagnetic /3l2 
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Figure 18 

Model Experiment (Ref. 29) 

1 - Regions Corresponding t o  t h e  rad ia t ion  
zones; 2 - Regions f i l l e d  'by penetrat ing 
p a r t i c l e s .  

t r a p  on t h e  d iu rna l  s ide  w a s  s tudied during measurements performed on t h e  
polar  s a t e l l i t e  1963 38c (Ref. 39). The r e s u l t s  of these  measurements 
show tha.t t he  i n t e n s i t y  of e lec t ron  streams within t h e  geoma,gnetic t r a p  i n  
t h e  2.5 d LZ' 9 range i s  d i r e c t l y  proport ional  t o  the  magnetic a c t i v i t y .  
I n  additio??,  a cor re l a t ion  w a s  a l s o  found between t h e  e lec t ron  energy spec
t r u m  and the  ma.gnetic a c t i v i t y .  However, with respect  t o  our theory t h e  
r e s u l t s  derived from measuring t h e  time required (from t h e  beginning of t h e  
magnetic storm) f o r  intense streams of trapped e lec t rons  t o  appear a r e  of 
the  grea tes t  i n t e r e s t  ( see  Table 2) .  

_ _  
E1a.psed t ime , 

days 

-
-

=280 kev 
_ _ _  . 

4.3 

0.3 

1.0 

2.1 

2.8 
3.2 


TABLE 2 
--

L 


. _ _ _ _  

5.5 
6.0
7.0 
7-5 
8.0 
9.0 
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I n  t h e  spec i f ic  example, which we have invest igated theo re t i ca l ly ,  
f o r  t h e  acce lera t ion  and capture of charged p a r t i c l e s  during a magnetic 
storm of mean magnitude, t h e  first streams of trapped charged p a r t i c l e s  
must also appear a t  t h e  magnetic envelope with L = 3 at  t h e  beginning 
of t h e  inverse phase of t h e  magnetic storm. According t o  our theory, 
t h e  time which has elapsed 'before trapped p a r t i c l e s  appear on t h e  envel
opes with la rge  L i s  proport ional  to t h e  magnitude of L. This t heo re t i 
c a l  conclusion i s  corroborated experimentally i n  Table 2. 

It i s  c h a r a c t e r i s t i c  t h a t  t h e  appearance of intense streams of 
trapped p a r t i c l e s  coincides, according t o  t h e  experimental da ta  (Ref. 39), 
with t h e  inverse phase of t h e  storm, while t h e  most energet ic  e lec t rons  
appear a t  t h e  end of t h e  inverse phase. /31-3 

It should be pointed out t h a t  t h e  comparatively low a l t i t u d e  of t h e  
polar s a t e l l i t e  t r a j e c t o r y  (1100 Jan) provides no basis f o r  assuming t h a t  
t he  behavior of trapped p a r t i c l e s  a t  t h i s  a l t i t u d e  w i l l  d i f f e r  g rea t ly  
from t h e i r  behavior i n  t h e  equator ia l  region of t h e  geomagnetic t r a p .  
The measurement r e s u l t s  on "Explorer-4" and 1 r ~ l o r e r - 6 ' rind ica te  t h a t  
trapped p a r t i c l e s  have a s i m i l a r  behavior throughout t h e  e n t i r e  geomag
n e t i c  t r a p  (both at high and low a l t i t u d e s )  during a magnetic storm. 

A model experiment (Ref. 29) on t h e  flow of a plasma stream around 
a magnetic dipole  f i e l d  a l s o  provides ind i r ec t  corroboration of our 
theory. I n  t h i s  experiment t h e  plasma penetrated t o  t h e  v i c i n i t y  of t h e  
neu t r a l  points,  and charged p a r t i c l e s  were a l s o  trapped and accelerated 
by t h e  magnetic t r ap .  Figure 18 c l e a r l y  i l l u s t r a t e s  t h e  connection be
tween dr i f% currents  of penetrat ing p a r t i c l e s  and a magnetic t r a p  f i l l e d  
wi th 'pa r t i c l e s  of these currents .  It i s  c h a r a c t e r i s t i c  t h a t  analogs were 
obtained not only of t h e  outer,  but a l s o  of t h e  inner, r ad ia t ion  zones 
of t h e  Earth. 

The authors would l i k e  t o  express t h e i r  appreciat ion t o  Sh. Sh. 
Dolginov, Ye. G. Yeroshenko, L. N.  Zhuzgov, K. I. Gringauz, 0. L. 
Vaysberg, I. A. Savenko, and B. I. Savin f o r  providing us  with t h e i r  
experimental r e su l t s ,  and a l s o  f o r  discussing t h e  theory we ha,ve formu
la ted .  The authors would a l s o  l i k e  t o  thank Ya. L. Al 'pert ,  B. R. 
Chirikov, M. Z. Khokhlov, B. A. Tverskiy, V. I. Krasovskiy, Yu. I. 
Gal'perin, V. V. Temnyy, and other  individuals  who have discussed t h i s  
study i n  preparat ion f o r  i t s  publ icat ion.  The authors a l s o  express
t h e i r  appreciation t o  L. A- Kazenova f o r  helping t o  prepare t h e  ma te r i a l  
and t o  formulate t h i s  a r t i c l e .  
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ANCNALOUS DIFEUSION OF CHARGED PAF�CICLES 
I N  THE RADIATION ZONES O F  THE EARTH 

B. A. Tverskoy 

Introduction 

An analys is  of t h e  experimental da ta  shows t h a t  t h e  r ad ia t ion  zones /314 
contain severa l  groups of rapid p a r t i c l e s  which d i f f e r  i n  terms of t h e i r  
composition, energy spectrum, s p a t i a l  d i s t r ibu t ion ,  and va r i a t ions  i n  
time. The following four  groups of p a r t i c l e s  can be distinguished. 

1. Soft  e lec t rons  having energies of � < 50 - 100 kev. These electrons 
do not have a c l e a r  maximum, and t h e i r  mean temporal i n t ens i ty  changes 
very l i t t l e  throughout t h e  e n t i r e  region of t h e  magnetosphere i n  which 
consistent capture i s  possible  ( i - e . ,  t h e  d r i f t  o r b i t s  a r e  closed within the  
l i m i t s  of t h e  magnetosphere). In  t h e  case of L ,< 3.5 t h e  time var ia t ions  
a r e  small, while i n  t h e  case of large L s ign i f i can t  i n t e n s i t y  changes are 
observed which a r e  r e l a t e d  t o  t h e  magnetic storms. During a storm t h e  
in t ens i ty  always increases  sharply (sometimes by two orders of magnitude and 
more), while during prolonged periods of low magnetic a c t i v i t y  t h i s  in tens i 
t y  decreases monotonically (Ref. 1-3). Leakages of these e lec t rons  a re  
apparently caused by intense ( c l e a r l y  non-Coulomb) sca t t e r ing  i n  t h e  ioho
sphere (Ref. 3-6). 

2. Heavy e lec t rons  i n  t h e  outer  zone having energies of >200 kev 
form a sharp peak f o r  4 < L < G(Ref.. In  t h e  case of L < 3 and > 7, 
t h e  in t ens i ty  i s  1-2 orders of magnitude lower than a t  t h e  m a x i m u m .  During 
prolonged periods of low magnetic ac t iv i ty ,  t h e  e lec t ron  d i s t r rbu t ion  of 
t h i s  group s t r i v e s  toward a c e r t a i n  s t ab le  p ro f i l e ,  while t h e  spectrum 
sharply decreases i n  t h e  case of � 3800 kev (Ref. 7). Sometimes t h e  spec
trum i s  extended toward t h e  large energies, and with s ign i f i can t  i n t ens i ty  
e lec t rons  a r e  recorded having energies of - 1 - 2 Mev (Ref. 1, 2, 8, 9).
The time va r i a t ions  are complex, and a r e  not always d i r e c t l y  r e l a t ed  t o  t h e  
storms. A study of t h e  a r t i f i c i a l  rad ia t ion  zones (Ref. 2, 10) has shown 
t h a t  e lec t rons  having energies of -200 kev - 2 Mev are sca t te red  i n  t h e  
ionosphere with a cha rac t e r i s t i c  time of - 30 days. I n  the  case of L 2 3.5, 
t h e  leakage i n t e n s i t y  sharply increases during a storm. /315 

3. Protons of t h e  inner zone have energy grea te r  than 40 - 50 MeV, 
and a r e  located i n  envelopes with L,< 2.5. The spectrum approximately 
corresponds t o  t h e  spectrum of albedo neutrons of cosmic rays,  and t h e  
in t ens i ty  i s  very s tab le .  

4. Protons of t h e  outer  zone. In  contrast  t o  prevai l ing opinions, 
we include i n  t h i s  group not only protons having energies of - 100 k e v - 1  Mev, 
but a l s o  harder protons (up t o  20 Mev, and even p a r t i a l l y  up t o  40 Mev). It 
i s  known t h a t  t h e  observed i n t e n s i t i e s  and t h e  spectra  of these protons 
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cannot be explained by neutron decay (Ref. 11-13). The s p a t i a l  s t ruc tu re  
i s  character ized by  a shif t  i n  t h e  maximum toward t h e  Earth, and by an 
increase i n  t h e  steepness of t h e  drop a t  t h e  outer  boundary with an energy 
increase.  Time va r i a t ions  are only observed a t  la rge  L ( L  3 4). 

A t  t h e  present t h e r e  i s  common agreement on t h e  nature  of proton 
sources i n  the  inner  zone (decay of albedo neutrons of cosmic rays) .  
However, t h e  formation of t he  ou te r  proton zone has not been f 'ully c l a r i f i e d  
as yet .  The remaining t h r e e  groups are caused by c e r t a i n  acce lera t ion  pro
cesses i n  t h e  magnetosphere. 

A comparison of t h e  proper t ies  of soft and hard e lec t rons  shows t h a t  
t he re  a r e  electromagnetic f luc tua t ions  i n  the  magnetosphere which acce lera te  
e lec t rons  up t o  energies  of - 50 - 100 kev and which s c a t t e r  e lec t rons  of 
l a r g e r  energies.  Waves i n  which t h e  e l e c t r i c  f i e l d  E is: somewhat smaller 
than the  magnetic f i e l d  h have t h i s  property. I n  a n o n r e l a t i v i s t i c  case, 
t h e  e l e c t r i c  force  eE, which produces %he energy change, can be grea te r  than,  
or on t h e  order of,  t h e  b r e n t z  force -v h (v - p a r t i c l e  ve loc i ty) ,  which 
leads t o  pure sca t t e r ing .  However, i nCt h e  case of v-+c the  sca t t e r ing  w i l l  
e s s e n t i a l l y  predominate over t h e  accelerat ion.  It can be shown t h a t  E = 5 h, 
when t h e  p a r t i c l e  ve loc i ty  v = vf (vf - phase ve loc i ty  of t he  wave). Since 
aceelerahion takes  place up t o  s ign i f icant  energies (- 50 kev), vf cannot 
be t o o  s m a l l .  Therefore, i f  t h e  plasma f luc tua t ion  spectrum i s  taken i n t o  
account, t h e  acce lera t ion  of s o f t  e lec t rons  and the  sca t t e r ing  of hard 
e lec t rons  a r e  most probably caused by e lec t ron  f luc tua t ions  of t h e  frequency 
Le) ,< % (% - cyclotron frequency of t he  e lec t rons) ,  whose phase ve loc i ty  i n  
the  magnetosphere amounts t o  - 5-109cm*sec-1. 

It w i l l  'be shown i n  t h i s  repor t  t h a t  t h e  bas i c  mechanism by which 
protons and e lec t rons  a r e  accelerated i n  t h e  outer  zone, and a l s o  t h e  
mechanism by which t h e  inner  zone i s  formed, i s  t h e  t r a n s f e r  of p a r t i c l e s  
across  the  d r i f t  envelopes. The possible  r o l e  of these  processes i n  the  
dynamics of trapped r ad ia t ion  w a s  already pointed i n  1959-1960 (Ref. 14-16). 
However, it w a s  only i n  1963 t h a t  su f f i c i en t  experimental data.  had been 
accumuI.ated t o  discover these  e f f e c t s  qua l i t a t ive ly .  An a,nalysis has shown 
t h a t  p a r t i c l e  t r a n s f e r  can play a dec is ive  r o l e  i n  the  formation of radia
t i o n  zones. A theory wa,s developed f o r  such processes which permitted a 
q m n t i t a t i v e  comparison with experimental da ta  (Ref. 16-21). Final ly ,  data 
compiled from inves t iga t ions  on s a t e l l i t e s  i n  the  'fElektron" s e r i e s  made it 
possible  t o  ve r i fy  and t o  r e f i n e  c e r t a i n  bas i c  aspects  of t he  theory. A t  
t h e  present  time t h i s  theory provides a r e l i ab le ,  quant i ta t ive  descr ip t ion  
of many p rope r t i e s  of t h e  r ad ia t ion  zmes .  

1. 	 P a r t i c l e  Transfer Across t h e  D r i f t  Envelopes 
(General Theory) 

If a group of charged p a r t i c l e s  i s  located i n  a magnetic f i e l d  upon 
which non-stationary per turba t ions  a r e  imposed, then under d e f i n i t e  con
d i t i o n s  in tense  mixing of t he  p a r t i c l e s  can occur - or, as it i s  ca l l ed ,  



anomalous diffusion.  This e f fec t  has been s tudied extensively.  I n  t h e  
case of t h e  magnetosphere, t h i s  e f f e c t  w a s  f irst  s tudied by Parker i n  
1960. Parker showed t h a t  t h e  sudden comencement of magnetic storms 
leads t o  anomalous diffusion, and he employed t h e  model of Chapman-
Ferraro and s t a t i s t i c s  on magnetic storms t o  estimate t h e  magnitude of 
t h i s  e f fec t  (Ref .  15). The works (Ref. 16-21) developed a general  
theory for anomalous d i f fus ion  i n  t h e  magnetosphere, t h e  bas i c  premise 
of which ( the  p o t e n t i a l i t y  of a perturbed f i e l d  i n  t h e  region of t h e  
rad ia t ion  zones) has now been corroborated by magnetic measurements i n  
near space ( R e f .  22, 23) .  

P a r t i c l e  t r a n s f e r  across t h e  &if?,envelopes i s  connected with 
per turbat ions of t h e  t h i r d  ad iaba t ic  invar ian t  (in t h e  case of a dipole  
f i e l d ,  t h i s  i s  t h e  parameter of t h e  magnetic envelope L). Therefore, 
t h e  time sca le  of per turbat ion t o  must be l e s s  than, o r  on t h e  order of, 
t h e  period of t h e  p a r t i c l e  longi tudinal  d r i f t  tcp. I n  addi t ion ,e i t  
follows from t h e  l a w  of generalized moment conservation [r(P -k c A)] 
(r i s  the  p a r t i c l e  radius  vector,  P - i t s  impulse, A - t h e  vector  poten
t i a l  of t he  electromagnetic f i e l d )  t h a t  t h e  p a r t i c l e s  move i n  an inverse 
d i rec t ion  during per turbat ions which a r e  symmetrical with respect  t o  the  
magnetic axis of t h e  Earth. Consequently, an asymmetric per turbat ion 
component i s  necessary f o r  i r r e v e r s i b l e  t r a n s f e r .  

-

If t h e  per turbat ion i s  s m a l l ,  t he  inves t iga t ion  can +--confined t o  
one asymmetric component h. The requirements formula,ted above make it 
possible  t o  c l e a r l y  d is t inguish  t h e  dependence of h on t h e  coordinates. 
A s  observations of t h e  satel l i te  "Explorer-l2" have shown (Ref. 22), 
magnetic per turbat ions i n  the  magnetosphere increase comparatively 
slowly i n  time (to- 1 - 4minutes). This f a c t  receives  confirmation 
from magnetic and plasma measurements i n  in te rp lane tary  space: it has 
been found t h a t  t h e  per turbat ion f ron t  i n  t h e  s o l a r  wind i s  -lo5km wide, 
which - a t  a ve loc i ty  of  - 1O3km-sec-l - leads t o  t h e  indicated time 
of t o ,  which coincides with t h e  propagation time o f  weak per turbat ions.  
Thus, i n  t h e  magnetosphere shock waves are not formed, t he  plasma con
t r a c t s  o r  expands ad iaba t i ca l ly  and remains cold, and t h e  f i e l d  per tur 
bat ion i s  po ten t i a l .  Measurements have shown t h a t ,  both i n  t h e  unperturbed 
and the  perturbed case, t h e  f i e l d  of outer  cur ren ts  flowing along t h e  mag
netopshere boundary decreases comparatively slowly as t h e  Earth i s  
approached. It thus  follows t h a t  even close t o  t h e  magnetosphere boundary 
on the  d iu rna l  side f i e l d  expansion i n  se r i e s ,  with respect  t o  spherical  func
t ions ,  rap id ly  converges- Therefore, t h e  asymmetric harmonics with t h e  
minimum n w i l l  make t h e  main contr ibut ion t o  h. If t h e  f a c t  i s  taken i n t o  
account t h a t  t h e  mean s h i f t  with respect  t o  t h e  force  l i n e  w i l l  equal zer r  
i n  t h e  case of an e l e c t r i c  f i e l d  +,which i s  antisymmetric with respect  t 
t h e  equator ia l  plane, then a l l  t h e  ha.rmonics with n = 1and t h e  harmonir: 
n = 2, m = 2 can be disregarded. We thus obtain:  



(r, 8, cp - are t h e  spher ica l  coordinates with t h e  o r ig in  at  t h e  center  
of t h e  f i r t h  and with t h e  polar  axis along t h e  magnetic ax i s ) .  

A s  observations have shown, t h i s  type of magnetic per turbat ions 
has t h e  form of s ing le  impulses. The amplitude of h ( t )  i n  (1).charac

. 	 t e r i z e s  per turbat ions a t  t h e  equator of t h e  Earth. As w a s  shown i n  
(Ref .  21), t h e  per turbat ions produce s i m i l a r  changes i n  L i n  a l l  t h e  
p a r t i c l e s  located on one and t h e  same force l i n e .  Therefore, it i s  
su f f i c i en t  t o  examine p a r t i c l e  motion with r e f l e c t i o n  poin ts  i n  t h e  
equator ia l  plane. 

If t h e  magnetic d r i f t  i s  s m a l l  (to<< t
Cp

) during t h e  f i rs t  phase 
of t h e  perturbation, t h e  s h i f t  with respect  t; L i s  determined by t h e  
e l e c t r i c  f i e l d  E which i s  proport ional  t o  L cos cp i n  t h e  equator ia l  
plane (E = -1&?and t h e  vector  p o t e n t i a l  of t h e  per turbat ion A depends 

c a t  
on r = R&, just as does t h e  s c a l a r  po ten t i a l ) .  The ve loc i ty  of t h e  

1 
e l e c t r i c  d r i f t  L - E - L5)cos cp0, since H -re,and EY - cos Cp. Thus, 
t h e  mean longitudina? s h i f t  of p a r t i c l e s  with a given i n i t i a l  L i s  zero, 
and t h e  root-mean-square s h i f t  AI.? - fi0 - and d i f fus ion  i s  produced. 
The corresponding term i n  t h e  t ranspor t  equation i s  proport ional  t o  ha, 
and therefore  t h e  equation of motion must be solved within an a c c u z c y  
of terms on t h i s  order of magnitude inclusively.  The mean s h i f t  AL , 
which i s  square with respect  t o  h, must be determined. Let us examine 
a p a r t i c l e  stream through t h e  envelope L = const. It can be r ead i ly  
seen t h a t ,  due t o  t h e  s t rong dependence of AL on L( 6L - L5), t h e  
p a r t i c l e s  en ter ing  t h i s  envelope (LJ > L) move along o r b i t s  which a r e  
somewhat f a r t h e r  away from L than are those of outgoing p a r t i c l e s ;  it 
a l so  fol.lows t h a t  6&L e K L  AL - L9 . Thus, t h e  mean s h i f t  i s  proportion

a L  
a1 t o  h2L9, and i s  d i rec ted  toward t h e  Earth. 

I n  order t o  compute AL7and E quant i ta t ive ly ,  it i s  necessary t o  
determine t h e  e l e c t r i c  f i e l d  E within a n  accuracy of terms - h” inclu

s ively.  It i s  composed of t h e  vortex f i e l d  E, = - aA, (& - t h e  c a t  
vector p o t e n t i a l  of per turbat ion s a t i s o i n g  the  condition br = 0) and 

of t h e  p o t e n t i a l  po lar iza t ion  f i e l d  of t h e  plasma E . In view of t h e  

high conductivity of t h e  plasma, t h e  sum E, -I- mugt not have components 

along t h e  force l i n e s  of t h e  f i e l d .  This i on  determines 

E l e c t r i c  f i e l d s  during magnetic per turbat ions were studied i n  

( R e f .  211, t ak ing  i n t o  account t h e  skin e f f ec t ,  charge separation i n  t h e  

ionosphere, and non-dipole components of t h e  geomagnetic f i e l d .  It w a s  

found t h a t  t.hese correct ions can p lay  a s igni f icant  r o l e  only i n  t h e  

case of L < 1.3 - 1.4. The ad iaba t ic  r e s to ra t ion  of t h e  f i e l d  t o  an un

perturbed s t a t e  w a s  taken i n t o  account i n  solving the  equation of motion 

i n  (Ref. 21). 


These results make it poss ib le  t o  determine t h e  p a r t i c l e  stream, 
averaged over many pertur’bations, through t h e  d r i f t  envelope with t h e  



parameter L. The per turba t ion  time to i s  l a rge  as compared with t h e  
per iods of Larmor r o t a t i o n  and o s c i l l a t i o n  along t h e  force  l i ne .  
Therefore, a change i n  p a r t i c l e  energy when L changes w i l l  be caused 
by t h e  conservation of t he  magnetic moment and longi tudina l  act ion.  
The work (Ref. 19) s tudied t h e  corresponding energy change and showed 
t h a t  within a high degree of accuracy t h e  quant i ty  

J _1 nLxJ’ 

i s  retained f o r  g a r t i c l e s  with r e f l e c t i o n  poin ts  a t  the ma 

l a t i t u d e s  X < 30 , even when L changes by a f a c t o r  of 2-3 

t he  impulse measured i n  u n i t s  of Me; M i s  t h e  p a r t i c l e  mass). In  t h e  

case of h = 0 t h e  l a w  (2) expresses t h e  conservation of t h e  magnetic 

nmmcnt. A s i m i l a r  r e s u l t  w a s  obtained i n  t h e  n o n r e l a t i v i s t i c  approxi

mation i n  (Ref. 24). 


Since t h e  majori ty  (70-90”/00/UI p a r t i c l e s  i n  t h e  zones have r e f l ec 
t i o n  poin ts  i n  t h e  indicated l a t i t u d i n a l  region, when t h e  d i s t r i b u t i o n  
i s  computed c lose  t o  t h e  equator ia l  plane t h e  d i s t r i b u t i o n  m e t i o n  
6 = 6(L, J, t )  can be introduced, so t h a t  t h e  quant i ty  

dv = @ (L,J ,  t )d J  dL, ( 3 )  

gives t h e  number of p a r t i c l e s  with J i n  t h e  i n t e r v a l  (J, J i-d j )  which 
a r e  included between t h e  envelopes (L, L -k dL) . 

The i n t e n s i t y  of p a r t i c l e s  with t h e  impulse > p i s  determined 
according t o  t h e  given funct ion of 8 i n  t h e  following way: 

where woL2 i s  t h e  s i z e  of t h e  layer  between two envelopes which a r e  1em 
apar t  i n  t h e  equa to r i a l  plane; v(J,L) - p a r t i c l e  ve loc i ty  with given J 
and L; a - t h e  coef f ic ien t  depending s l i g h t l y  on t h e  angular ve loc i ty  /318
d i s t r i b u t i o n  i n  t h e  equator ia l  plane ( f o r  i so t rop ic  d i s t r i b u t i o n  c1 = 1, 

Pand f o r  t h e  d i s t r i b u t i o n  - s i n - @a = 1.5; t h e  angular d i s t r i b u t i o n  does 
not normally exceed these  limits ) . 

A p a r t i c l e  stream through the  envelope with t h e  parameter L i s  
expressed by 8 i n  t h e  following way: 

The f irst  term descr ibes  d i f fus ion  and t h e  second term descr ibes  a regular  
stream. Due t o  an ar i thmetic  e r ror ,  t h e  coef f ic ien t  f o r  t h e  second term, 
given i n  (Ref. 21), i s  somewhat exaggerated (3.5 instead of 2.6) : 
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(ho i s  t h e  magnitude of t h e  jump h ( t ) ;  He - t h e  unperturbed f i e l d  a t  t h e  
equator of t h e  Earth; T - t he  time between two consecutive per turbat ions,-
while averaging i s  performed over many per turbat ions) .  Generally 
spea'king, Do can depend on t h e  period. of p a r t i c l e  d r i f t  T ~ .  However, 
t h i s  dependence - as wel l  a s  t h e  order of magnitude of Do - can be de te r 
mined with only a low degree of accuracy from magnetic data .  It would 
be much more r e a l i s t i c  t o  compare t h e  theory with t h e  experimental da ta  
on t h e  s t ruc tu re  and dynamics of t h e  r ad ia t ion  zones. The r e s u l t  given i n  
(Ref. 1.5) follows from (6) when ho i s  computed according t o  the  model of 
Chapman-Ferraro. 

Let u s  assume t h a t  p a r t i c l e  leakages a r e  caused by ion iza t ion  losses  
and magnetic sca t te r ing .  The equation f o r  8 then has t h e  following form: 

t h e  term with a/aJ descr ibes  ionizat ion losses.  The quant i ty  

(M - p a r t i c l e  mass; m - e lec t ron  m a s s ;  e - i t s  charge; c - speed of 
l i g h t ;  N - densi ty  of cold electrons;  I n  q - logarithm of Debye screening) 
determines t h e  time of ion iza t ion  losses  of a p a r t i c l e  with t h e  impulse 
Me, and can depend on L through No. 

The time required f o r  magnetLC sca t t e r ing  Ts(L, J ) f o r  e lec t rons  having 
energies of - 200 kev - 2 Mev for 2 < L < 4 i s  on t h e  order of 3.106seconds; 
i n  t h e  case of L 3 3.5, t h i s  time increases grea t ly  during storms. Magnetic 
sca, t ter ing plays no r o l e  i n  t h e  dynamics of protons. The quant i ty  
Q( L, J, t )  i n  (7) i s  t h e  dens i ty  of p a r t i c l e  sources. Equation (7) d i f f e r s  
from t h a t  presented in (Ref. 21) due t o  t h e  allowance f o r  magnetic sca t 
t er ing . 

Let us examine t h e  bas i c  solut ions (7). The most important character
i s t i c  of t r a n s f e r  processes i s  t h e  time required far  per turba t ion  propaga
t i o n  i n  an envelope with t h e  parameter L. The study (Ref. 21) determined 
t h e  se l f - s imi la r  so lu t ion  of t h e  equation 



corresponding t o  t h e  jump-like change i n  conditions at  i n f i n i t y  i n  t h e  
case of t = 0. It w a s  found t h a t  t h e  so lu t ion  t akes  t h e  form of a 
d i f fus ion  wave with a s teep  inner  f ron t ,  whose coordinate I$ i s  

L, =(100D,t)”*. (10 )  

It can be shown t h a t  a s i m i l a r  so lu t ion  holds f o r  a continuous change /3l9.
in condi t ions a t  i n f i n i t y  according t o  t h e  l a w  t n .  I n  the  case of 
n 1< 3, t h e  form of t h e  wave and t h e  pcs i t i on  of i t s  f ront  are determined 
by t h e  same re la t ionships  as i n  t h e  case of a jump, and t h e  amplitude 
increases  - tn= 

Thus, t h e  time 

TD (L)= (10OD0LS)-’ 

i s  t h e  main cha rac t e r i s t i c  of t r a n s f e r  processes. It can be shown t h a t  
t h e  r o l e  of losses  can be compared with t h e  r o l e  of t ransfer ,  when TD(L) 
equals t h e  loss time. If a c e r t a i n  zone i s  formed by p a r t i c l e  d i f fus ion  
from t h e  magnetosphere boundary, an i n t e n s i t y  m a x i m u m  w i l l  be observed 
a t  t h i s  point .  

The general  solut ion of equation (9),with allowance fo r  t h e  sources,  
can be obtained ‘by means of Green’s f ine t ion :  

(x = 1 / 4 L 4 ,  x’ = 1 / 4 ~ ’ ~ ,10.8 I he Bessel funct ion of an imaginary argu
ment on t h e  order of I@-8). T1. I roblem with t h e  i n i t i a l  condition 

= & ( L ,  J)  has t h e  fol- ,  .ng solut ion:  

0( J ,  2 ,  t )  = I C  (5, z‘, t - t o )  0, ( L ’ ,  J )  dx’, (13) 
0 

and t h e  problem with the  source Q = 

t c u  

0 (1,x, t )  = 
J 
c 

“
( G (z, x’,t - t’) Q (z‘, . I ,  t’) d d  dt’ 

0 0 

The funct ion (12) i s  obtained fo r  t h e  solut ion of ( 3 )  by k p l a c e  t ransfor 
mation with respect  t o  t and by subsequent use of t h e  Fourier-Bessei 
Lheorem. A s imi la r  r e s u l t  was obtained i n  (Ref. 15);  however, t h e  order 
of  I w a s  d i f f e ren t ,  since t h e  mean s h i f t  was not taken in to  account i n  
(Ref. 1.5). 

We should note tha t ,  i f  t h e  time of magnetic s ca t t e r ing  Ts does not 
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depend on L, Green's funct ion can be obta.ined by multiplying (12)by 

e-t/G i n  order t o  make a comparison with t h e  allowance for  sca t te r ing .  

kt us now i n t e r p r e t  t h e  experimental r e su l t s .  Since t h e  main 
fea tures  of t he  tra,nsport theory a r e  most r ead i ly  apparent i n  t h e  
s t ruc tu re  of t h e  outer  proton zone, it i s  advantageous t o  employ these  
da t a  t o  def ine t h e  magnitude of t he  main parameter of t h e  theory Do 
nore accurately.  

2. Protons of t h e  Outer Zone and Determina,tion of Do 

During f l i g h t s  of t h e  s a t e l l i t e  "Ekplorer-12" i n  t h e  rad ia t ion  
zones of t h e  Earth, protons were discovered having energies from 100 kev 
t o  severa l  MeV. On t h e  ' bas i s  of t h e  f irst  publ icat ion (Ref. 11), it 
can be concluded t h a t  t h e  acce lera t ion  of these  protons i s  most proba,bly 
caused by t h e  be ta t ron  e f fec t .  A s  was show i n  ( R e f .  ll), t h e  proton 
spectrum has an exponential  nature  (S - e-c?%). In  t h e  case of 
L = 6.1 Ageom = 6.5", t h e  mean energy i s  Eo = 64 kev; i n  t h e  case of 

-L = 5.0 Ageom = 10" �0 = 120 kev; and i n  t h e  case of L = 2.8 hgeom 

= 38" �0 = 400 kev. It can be r ead i ly  seen t h a t  c lose t o  t h e  

equator ia l  plane (L = 6.1 and 5.0) Eo - L-3, and changes proport ional ly  

t o  t h e  magnetic f i e l d  s t rength.  For L = 2.8 Eo must be x TOO kev i n  

t h e  equator ia l  plane.  However, i n  t h e  case of Ageom = 380 t he  accelerat ion

/320 

i s  much l e s s  e f f ec t ive  than i n  t h e  case of h -0. A considerablegeom 
change i n  t h e  f i e l d  from - 40 y at  t h e  magnetosphere boundary up t o- 1500 Y i n  t h e  case of L = 2.8 leads to considerable energy dependence 
on t h e  magnetic l a t i t u d e  of t h e  r e f l - r t i o n  point .  Computations based 
on the  scheme i n  (Ref. 19) show t h a t  In  t h e  case of = 38" t h e  geom 
magnitude of  �0 must be x 360 kev. 

Thus, i f  it i s  assumed t h a t  t he  f i e l d  i s  40 - 50 Y at t h e  magneto
sphere 'boundary, t h e  mean energy c0 a t  t h e  boundary must be - 20 kev. 
This quant i ty  i s  c lose  t o  t h e  energy of  s o l a r  wind protons passing through 
the  shock wave a t  t h e  magnetosphere boundary. 

If it i s  assumed t h a t :  (a) t h e  spect 
(b) t h e  outer  protonmagnetosphere boundary has t h e  form S - e y ' o ;  

of protons trapped a t  t h e  
zone 

i s  caused by t r a n s f e r  and be ta t ron  accelerat ion;  ( c )  t h e  formation of t h e  
inner  boundary i s  pr imari ly  r e l a t ed  t o  ionizat ion losses  ( losses  b 
charge t r a n s f e r  are s m a l l ,  due t o  a high degree of ionizat ion);  (dy t h e  
densi ty  of  t h e  cold plasma No i n  t h e  case of 2 < L < 4 depends s l i g h t l y  
on L, and t h e  parameter Do depends s l i g h t l y  on T - then based on da ta  
from (Ref. 11) we can ca lcu la te  t h e  d i s t r i b u t i o nCPof protons having any 
energy and can concurrently determine t h e  magnitude of Do. These assump
t i o n s  appear t o  be completely reasonable. A comparison of t h e  theo re t i 
c a l  curves with t h e  experimental curves w i l l  provide t h e  most r e l i a b l e  
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v e r i f i c a t i o n  of these  assumptions. 

In t h e  given formulation, t h e  problem can be reduced t o  solving 
t h e  equation 

Doz z ~(7dL 
2 6 1  -L - L I Z - . a @_ _  = 0 (15)8 l o J a  ++e, 

1 z, 
1 

6 5  J? 

with t h e  boundary conditions 

where $ M 9 i s  t h e  boundary value of L a t  which t h e  geomagnetic dipole  
f i e l d  would equal 40 - 50 y, Jb = 2 �0(Ly,)h3.I n  t h e  nonre l a t iv i s t i c  
case L" >> J2, which makes it possible  t o  simplify t h e  term descr ibing 
ion iza t ion  losses  i n  (7). 

The problem can be reduced t o  numerical computation of  a spec i f i c  
integra , l  by h p l a c e  t ransfo ixa t ion  with respect  t o  3. A t  large 
d is tances  where t h e  ion iza t ion  losses  a,re unimportant, 

8 - L-2.6 exp {- $ }. The m a x i m u m  i s  determined by t h e  re la t ionship  

p3 ( 7
c 3

T
D

( L
m 

) = 7
c 3  

p3 - t h e  time required f o r  ion iza t ion  braking of  a 

p a r t i c l e  with t h e  impulse p ) .  

Specific computations were performed f o r  � > 500 kev. The parame
ters  Do and A can be determined by comparing t h e  theory with t h e  r e su l t s  
presented i n  (Ref. 2) and (Ref. 11). Theoret ical  curves f o r  /32i 
8 > 100 kev, 1MeV, 1.7 Mev and 2 Mev close t o  t h e  equator ia l  plane were 
constructed on t h e  b a s i s  of these  data  (Figure 1, a ) .  

S a t e l l i t e s  i n  t h e  "Elektron" se r i e s  performed de ta i led  measurements 
on proton i n t e n s i t y  with 8 > 1Mev and 8 > 2 Mev (Ref. 25). It i s  of 
p a r t i c u l a r  i n t e r e s t  t o  compare t h e  r e s u l t s  obtained independently from 
t h e o r e t i c a l  and experimental measurements. The work (Ref. 2) presents  
da t a  on t h e  i n t e n s i t y  of protons with 8 > 500 kev i n  t h e  case of 
L = 2.8; 3.2 and 3.6. Additional r e su l t s ,  obtained on "Explorer-=" 
( 6  > 1.7 MeV) are given i n  (Ref. 26)- I n  order to compare t h e  s p a t i a l  
p a t t e r n  which i s  provided .by t h e o r e t i c a l  and experimental s tudies ,  t h e  
measurement r e s u l t s  were mult ipl ied by c e r t a i n  coef f ic ien ts ,  so t h a t  
theory and experiment concurred a t  t h e  maximum. The following condition
a1 notat ion i s  employed i n  Figure la: - s, 100 kev (Ref. 11); 

- 3s> 500 kev (Ref- 2) ;  3 - 2S, (Ref. 25); 4 - S> l.7 ( R e f .  26); 

- '> 2 Mev(Ref. 25). It can be seen from t h e  f igu re  t h a t  t h e  s p a t i a l  

i n t e n s i t y  pa t t e rn  provided by t h e o r e t i c a l  and by experimental r e s u l t s  
almost coincides. I n  t h e  case of 6 > 500 Mev and 1Mev, t h e  difference 
i n  absolute values by a f a c t o r  of 2-3 l i e s  within the  l i m i t s  of  
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7 (I d L  

Figure 1 

o r i e n t a t i o n a l  e f f e c t s  and e r r o r s  i n  absolute  ca l ib ra t ions  of the equip
ment. If Do and No do not depend on L, t h e  r e l a t ionsh ip  8 - J& 16/3 

must be  f u l f i l l e d .  Figure 1, b i l l u s t r a t e s  t h e  fu l f i l lmen t  of t h i s  l a w .  
? - i l l  deviat ions i n  t h e  case of E = 100 kev poin t  t o  t h e  f a c t  t h a t  No 
is -tpproximately 1.5 t imes smaXer i n  t h e  case of L % 4 than it i s  i n  

case of L M 2.5 - 3. Assuming t h a t  f o r  L = 3 - 2.5 No = 1500 
we f i n d  t h a t  Do = 6-10-14sec-1. Apparently, t h e  a c t u a l  value of No 
d i f f e r s  very l i t t l e  from the  value given above, and t h e  value of Do i s  
s u f f i c i e n t l y  r e l i a b l e .  The value obtained f o r  D: considerably exceeds 
previous est imates  based on da ta  from s t a t i s t i c s  on magnetic storms 
(Ref. l5), and also based on ce r t a in  f ea tu res  of t h e  outer zone s t ruc tu re  
of  r e l a , t i v i s t i c  e lec t rons  (Ref. 21). It c lose ly  coincides with magnetic 
da t a  on s ingle  impulses (Ref. 22). 

The close agreement between theory and experiment i n  t h e  proton 
energy range from 100 kev t o  - 3 Mev ind ica t e s  t h a t  Do bare ly  depends 
on t h e  period of longitud.ina1 d r i f t ,  a t  l e a s t  i n  t h e  case of 
7 min < T-,, < 100 min. The most p laus ib le  expla,nation of t h i s  f a c t  may 
‘be found i n  t h e  f a c t  t h a t  t h e  t r a n s f e r  i s  caused pr imari ly  by sudden 
impulses (by rap id  cha.nges i n  t h e  f i e l d  with subsequent prolonged r e s 
t o r a t  ion).  

Experimental d a t a  were recent ly  published (Ref. 22) making it 
poss ib le  t o  compute Do d i r e c t l y  from the  r e s u l t s  of magnetic measure
ments, with a much higher degree of accuracy than w a s  t h e  case 
previously.  According t o  (Ref. 221, t h e  dependence of t h e  f i e l d  jump 
on t h e  longitude of cp at t h e  equator of t he  Earth has the  form 
he = ‘q(1 + 0.45 cos cp)  i n  t h e  case of sudden impulses. The constant 
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-q can have both signs, and i n  t h e  maJority of cases amounts to 20-40 y 
i n  terms of absolute  magnitude, and t h e  impulses appear with a frequency 
of -1.5 times pe r  day. If we subtract  t h e  screening current f i e l d  of 
t h e  normal f i e l d  component at t h e  surface of t h e  Earth, we f ind  t h a t  
t he  jump magnitude of t h e  asymnetric f i e l d  component f o r  outer  currents  
a t  t h e  equator of t h e  Earth i s  h~ = 3/5-0.45 q = 0.27 q. Consequently, 
Do = 1 / 8 T ( b / H e  = 3 - 15=10-14-sec-1, which c lose ly  coincides with com
pu ta t iona l  r e s u l t s  based on da ta  on t h e  s t ruc tu re  of t h e  outer  proton 
zone. A very important conclusion (Ref. 22) - t o  t h e  e f fec t  t h a t  t h e  
p a t t e r n  of magnetic perturbakions during sudden impulses has t h e  same 
form i n  space and on t h e  surface of t h e  Earth - f a c i l i t a t e s  a study of 
t h e  va r i a t ion  of Do with t h e  SOWcycle based on data from Earth s t a t i o n s .  

Thus, t h i s  group of t h e o r e t i c a l  and experimental r e s u l t s  completely 
corroborates t h e  important r o l e  of anoma,lous d i f fus ion  i n  the  dynamics 
of t h e  r ad ia t ion  zones of t h e  Earth. It also corroborates t h e  i n i t i a l  
assumptions regarding t h e  nature of  magnetic pertur 'bations and, 
consequently, expression (5) fo r  a p a r t i c l e  stream; these  r e s u l t s  a l s o  
make it possible  to r e l i a b l y  determine t h e  numerical value of t h e  
parameter Do. 

Since t h e  effect iveness  of t he  t ransfe-r  i s  much higher than was 
previously assumed, t h e  p o s s i b i l i t y  i s  not excluded that a ce r t a in  
port ion of protons having energies of 10 - 100 Mev i s  a1x1formed due 
t o  p a r t i c l e  t r a n s f e r  from the  magnetosphere boundary. If a proton has 
an energy of 200 kev i n  a f i e l d  of s t rength H = 40 y ,  when it i s  de
f l e c t e d  toward an envelope with L = 1.5 ( H  x lo4 Y) it i s  accelerated 
up t o  50 Mev. However, it i s  more expedient t o  inves t iga te  t h i s  problem 
i n  connection witli -Lhe dynamics of t h e  inner  zone, to which t h e  following 
sec t ion  i s  devoted. 

3. High-Energy Protons 

Soon after t h e  rad ia t ion  zones ai' t h e  Earth were discovered, t h e  
hypothesis w a s  advanced . t h a t  high-energy protons of t h e  inner zone .(E 

tens-hundreds of Mev) are formed due t o  t h e  decay of albedo neutrons of 
cosrnic rays  (Ref. 27).  However, it w a s  found l a t e r  t h a t  t h i s  hypothesis 
encounters severa l  d i f f i c u l t i e s .  The use of magnetic s ca t t e r ing  
(Ref. 28-30) to provide a qua l i t a t ive  explana,tion of t he  sharp in t ens i ty  
drop f o r  L > 1.5 requires  exaggerated amplitudes of magnetic pulsat ions 
with frequencies of 31 cps. It was shown (Ref. 13) t h a t  i n  t h e  case of 
6 < 30 - 40 Mev t h e  proton spectrum i s  much sof te r  than would be expected 
from the  neutron hypothesis, and the  i n t e n s i t y  i s  much grea,ter i n  the  case 
of 8 - 10 Mev. An explanation of t h i s  phenomenon by t h e  influence of so l a r  
protons on the  polar cap i s  far from sa t i s f ac to ry  quant i ta t ive ly  (Ref. 31). 
Finally,  it w a s  shown i n  (Ref. 10) and (Ref. E?)t h a t  f o r  E d 40 Mev there  
i s  a sharp deviation from t h e  neutron hypothesis i n  t h e  equator ia l  plane 
region. 



Figure 2 

The concept of anomalous d i f f i s i o n  seems t o  provide a quant i ta t ive  
explanation of these  contradictory f a c t s .  It w a s  shown i n  (Ref. 16-21) 
t h a t  p a r t i c l e  t r a n s f e r  across  d r i f t  envelopes can rap id ly  eliminate t h e  
products of neutron decay, and can thus explain t h e  sharp i n t e n s i t y  
drop with an increase i n  L. The asymptotic l a w  obtained i n  (Ref. 16-21) 
f o r  t h e  i n t e n s i t y  drop S - L-” i s  f u l f i l l e d  f a i r l y  wel l  a t  geomagnetic 
1atS.tudes of 20° f o r  �>30 - 40 Mev (see the  ana lys i s  of da ta  presented 
i n  [Ref. 32, 331 i n  [Ref. 211). 

A n  ana lys i s  of t h e  subsequent experimental r e s u l t s  leads t o  t h e  
conclusion t h a t  protons having energies of > 53 - 60 Mev a r e  pr imari ly  
caused by neutron decay and by elimination due t o  anomalous d i f fus ion .  
If it is assumed t h a t  t h e  quant i ty  Do r e t a i n s  t h e  Tralue obtained above- 10-13sec-1 f o r  t hese  energies, then da ta  presented i n  (Ref. 34) can 
be 	used t o  determine the  s t ruc tu re  of t he  outer boundary of t he  inner 
zone i n  t h e  equator ia l  plane as a f’unction of t h e  threshold energy of 
the  recording apparatus . The corresponding r e s u l t s  f o r  
6 > 18 and 40 Mev a r e  given i n  Figure 2 (dashed curves).  The poin ts  
rear which the  conversion t o  the  asymptotic l a w  S - Lqo takgs place a r e  
determined from an equation f o r  ionizat ion loss t i m e  ‘re = E (p - impulse

3
i n  u n i t s  of Me) and f o r  d i f fus ion  time Q(L) = (100DoL8)-1. It i s  assumed 
t h a t  t h e  dens i ty  of a cold plasma No i s  1.5.103cm-3. 

Protons having energies of < 2 0  - 30 Mev, and p a r t l y  of 40 Mev, a r e  
not b a s i c a l l y  connected with neutron decay, and represent t h e  hard t a i l  
of t h e  oLzter proton zone. It can be seen f r o m t h e  r e s u l t s  presented i n  
(Ref. 11) t h a t  i n  the  case of L = 5 the re  i s  a large number of protons 

An ana lys i s  of t h e  da t a  i n  (Ref. 22) shows t h a t  t h i s  assumption i s  
va l id  f o r  T 3 1minutes; it i s  possible  t h a t  Do remains large up 
t o  ‘rc?- 10 gee due t o  resonance with eigen hydromagnetic o sc i l l a 
t i o n s  of t h e  magnetosphere. 
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Figure 3 

with 8 2 1MeV; t h e i r  spectrum fa l l s  within t h e  framework of Maxwell 
d i s t r i b u t i o n  with t h e  same �o as f o r  s m a l l  energies .  It i s  apparent 
t h a t  these  protons can s c a t t e r  i n t o  the  depths of t h e  magnetosphere, 
and can be acceleraked u n t i l  t h e  ion iza t ion  loss r a t e  equals t h e  
diffusion ra te .  It can be r?a.dily seen from t h e  r e l a t ionsh ips  
P(L) = P+)3'2 and C p3(L) = ( 1 0 0 ~ ~ ~ ~ ) - ~T t h a t  f o r  No = 1.5'103cm-3 

3 
and Do = 6.1O-l~ seconds these  protons d r i f t  toward envelopes with 
L x 1.4, and are accelerated up t o  - 4 0  Mev. Figure 2 presents  t h e  
expected d i s t r i b u t i o n  of protons i n  t h e  outer  zone wi th  energies  of 
> 18 and > 40 Mev i n  t h e  equa to r i a l  plane (dot-dash curves) .  For 
purposes of comparison, t h e  experimental d a t a  from ( R e f .  10) and 
( R e f .  l2) a r e  p l o t t e d  by dots .  Experiment and theory do not diverge 
s ignif ica ,nt ly  i n  t h e  .case of L < 2. However, i n  t h e  case of L M 2.3 
add i t iona l  peaks can be seen on experimental curves. It can be shown 
t h a t  t h e  i n t e n s i t y  d i s t r i b u t i o n  i n  these  peaks corresponds t o  t h e  
d i f f i s ion  wave produced flue t o  ca.pture a t  t h e  magnetosphere boundary 
of protons with t h e  spectrum S - e-�/% i n  1956-1959 where �0 M 1-50 kev. 

The t o t a l  number of protons cy-tured during t h i s  period per 1 em3 
c lose  t o  t h e  boundaxy must be - 10 If t h e  f a c t  i s  taken i n t o  
cons idera t ion  t h a t  t h e r e  w a s  an intense m a x i m u m  of s o l a r  a c t i v i t y  i n  
1955-1959, these  ideas  regarding the  nature  of add i t iona l  m a x i m a  are 
completely reasonable. 

Thus, a theory of ammalous d i f fus ion  can explain the  s t r u c t u r a l  
fea tures  of t h e  inner  mne.  It i s  thus  found t h a t  protons having 
energies of ,< 40 Mev a r e  prima.rily formed t o  be t a t ron  acce lera t ion  
during t r a n s f e r  from t h e  magnetosphere .boundary, and consequently 
represent  a continuaftion of t h e  outer  proton zone. The neutron mechan 
i s m  plays a bas i c  r o l e  only f o r  energies of > 50 Mev, and i n  t h i s  case 
t h e  outer  'boundary of t h e  zone i s  formed by anomalous d i f fus ion .  It 
can be expected t h a t  t h e r e  w i l l  be a -pa r t i c l e s  having energies  of- 1.0 Mev, also caused by anomalous d i f fus ion ,  i n  t h e  case of L - 1.5-2. 
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4. Hard Electrons of t h e  Outer Zone 

Primary a t t e n t i o n  w a s  d i r ec t ed  t o  e lec t rons  of t h e  ou te r  zone i n  
t h e  works(Ref. 16-21), and it was shown t h a t  many phenomena related t o  
t h e  d i f fus ion  processes a l s o  'belong t o  t h i s  group of p a r t i c l e s .  Although 
the  assumption ( R e f .  16-21) of a low d i f fus ion  rate and, consequently, a 
long l ifetime of e lec t rons  has not  been corroborated, many r e s u l t s  from 
these  works remain i n  force .  It was thus  shown i n  (Ref. 16-21) t h a t  t h e  
spectrum becomes harder  with a decrease i n  L. This has now recelved 
r e l i a b l e  confirmation from experiments. The steady p r o f i l e  of t h e  outer  
zone, which w a s  determined i n  (Ref .  21), can be t r ans fe r r ed  without any 
s ign i f i can t  chaxges t o  t h e  case of rap id  d i f fus ion  and rap id  lea,kages 
( the  Coulomb l o s s  t i m e  must only be replaced by t h e  ma.gnetic s ca t t e r ing  
t i m e ) .  /324 

Figure 3, a. ,presents t h e  d i s t r ibu t ion ,  ca lcu la ted  according t o  t h i s  
model, of t h e  readings from the  outer  Geiger counter ca r r i ed  on satel l i tes  
of the  "Elektron" s e r i e s  during a prolonged period of low magnetic a c t i v i t y .  
ThLs counter pr imar i ly  recorded braking ra,diation of e lec t rons  with 
8 > 250 kev. The l i f e t ime  of t he  e lec t rons  w a s  assumed t o  be - 106sec. 
The t h e o r e t i c a l  r e s u l t  c lose ly  coincides with t h e  experiments (Ref. 7). 

A s  w a s  noted i n  the  introduct ion,  i r r eve r s ib l e  e lec t ron  acce lera t ion  
ceases a t  energies  of - 100 kev. If it i s  assumed thak the  minimum f i e l d  
on the  d iu rna l  boundary of t h e  magnetosphere i s  40 y diiring magnetically 
quie t  days, then  i n  t h e  case of be t a t ron  acce lera t ion  t h e  e lec t ron  spectrum 
must be sharply t runcated f o r  the impulse pc, = %&-, where pb % 0.7 i s  
t h e  e lec t ron  impulse with 6 = 100 kev, H - t h e  f i e l d  a t  the  observed poin t ,  
and % = 40 Y. The smaller i s  L, t h e  l a rge r  i s  t h e  boundary energy. Thus, 
i n  t h e  case of L = 4 - where t h e  most complete e l ec t ron  energy spectrum 
can be recorded due t o  t h e  absence of an a l t i t u d i n a l  pa t t e rn  - a sharp 
drop must occur f o r  x 800 kev, which c lose ly  coincides with the  experi
ments (Ref. 7) (Figure 3 ,b) .  

It i s  well-known t h a t  i n  1961-1963 the  e lec t ron  spectrum was s i g n i f i 
can t ly  harder, and i n  t h e  case of � > 1.5 Mev t h e  i n t e n s i t y  f requent ly  
amounted t o  - 106cm-' sec-l  ( R e f .  1, 2, 9 ) .  During t h i s  period the  inten
s i t y  d i s t r i b u t i o n  of these  e lec t rons  had, a s  a ru l e ,  a very similar form 
( i n  pa r t i cu la r ,  it w a s  f o r  t h i s  reason t h a t  t h e  va.lue f o r  Do w a s  t oo  low 
i n  [Ref. 211). According t o  d a t a  i n  ( R e f .  7), t h e  absence of t h i s  
i n t e n s i t y  i n  1964 means t h a t  t h i s  peak of r e l a t i v i s t i c  e lec t rons  i s  not 
s ta t ionary .  The study ( R e f .  2)  t r aced  t h e  development of t h i s  peak through
out a prolonged per iod of low magnetic a c t i v i t y .  The authors s t a t ed  t h a t  
they  observed a non-stationary,  d i f fus ion  wave. T h i s  conclusion c lose ly  
coincides with computations based on equation (13). Apparently, t h e  d i f 
fusion Waves of r e l a t i v i s t i c  e lec t rons ,  which were observed a t  t h e  end of 
1962, were caused by an impulsive in j ec t ion  of  e lec t rons  i n  far-removed 
envelopes. 

There are two p o s s i b i l i t i e s  f o r  t h e  c rea t ion  of t h i s  zone: e i t h e r  a 
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s h i f t  i n  t h e  i r revers i 'b le  acce lera t ion  boundary toward l a rge r  energies, or 
a sharp decrease i n  t h e  f i e l d  at  t h e  magnetosphere boundary. I n  t h e  f irst  
case, an i n t e n s i t y  of - lo6 of e lec t rons  with 6 > 300 kev must be formed 
at t h e  magnetosphere 'boundary. The subsequent t r a n s f e r  of a port ion of 
these  e lec t rons  t o  smaller L leads t o  t h e i r  acce le ra t ion  up t o  r e l a t i v i s t i c  
energies 

Based on da ta  i n  ( R e f .  221, t h e  f i e l d  f requent ly  decreased t o  20-30 y 
at t h e  magnetosphere boundary i n  1961. It can be assumed t h a t  during 
strong storms t h e  f i e l d  drops even more ( l e t  u s  say, t o  10-15 y). In  
t h e  l a t t e r  case, it i s  s u f f i c i e n t  t h a t  e lec t rons  are accelerated t o  
energies of - 100 kev i n  a f i e l d  of - 10 y, i n  order t h a t  they may 'be 
accelerated t o  1-2 Mev during subsequent diffusion i n  t h e  region
L-4-5. /325 

Since d i f fus ion  i n  t h i s  region requi res  -10-30 days, it i s  possible  
t h a t  da ta  on t h e  f i e l d  a t  the  magnetosphere boundary may make it possible  
i n  the  fu tu re  t o  pred ic t  t h e  period of r ad ia t ion  danger i n  t h e  outer  

1
zone 

Thus, t h e o r e t i c a l  and experimental s tud ies  performed i n  1963-1964 
show t h a t  anomalous diffusion plays a very important r o l e  i n  t h e  
dynamics of t h e  rad ia t ion  zones of t h e  Earth. The theory of anomalous 
diffusion f u l l y  solves the  problem of t h e  o r ig in  of t h e  outer  proton 
zone, and on t h i s  basis makes it possible  t o  overcome d i f f i c u l t i e s  
r e l a t e d  t o  d i f f e r e n t  anomalies of t h e  high-energy proton spectrum. The 
concept of p a r t i c l e  t r a n s f e r  across  t h e  dr i f t  envelopes, with allowance 
f o r  magnetic sca t te r ing ,  makes it possible  t o  understand t h e  main fea
tu res  of t h e  dynamics and s t ruc tu re  of t h e  outer  e lec t ron  zone. It i s  
possi'ble t h a t  t h e  t r a n s f e r  e f f ec t  plays a s ign i f i can t  r o l e  i n  t h e  forma
t i o n  of t h e  current  r i n g  during magnetic storms. 
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The Formation of Radiation Zones as a Result of 
P a r t i c l e  D r i f t  i n  t he  Depths of t he  Magnetosphere 

A. Ye. Antonova, A. I. Yershkovich, V. P. Shabanskiy 

As measurements on t h e  s a t e l l i t e  "Relay-1" have shown, t h e  in t ens i 
t y  of trapped protons having energies of 5 > 34 Mev changes during 
magnetic storms as t h e  p a r t i c l e s  d r i f t  toward t h e  Earth (Ref. 1). With 
a disturbance of t he  t h i r d  invariant ,  t h i s  d r i f t  can r e s u l t  f rom a 
sudden change i n  the  azimuthal symmetry of t h e  geomagnetic f i e l d ,  with 
i t s  subsequent slow re s to ra t ion  ( R e f .  2 ) .  Another possible  mechanism 
i s  p a r t i c l e  d r i f t  toward t h e  Earth under t h e  influence of hydromagnetic 
waxes (Ref. 3 ) .  

Let us assume t h a t  t h e  f i r s t  and second invar ian ts  a r e  conserved 
during p a r t i c l e  d r i f t .  When the  p a r t i c l e s  move toward envelopes with a 
small McIlwain L parameter, t h e  p a r t i c l e s  w i l l  be  accelerated be ta t roni 
ca.lly. I n  order  t o  obtain a s p a t i a l  d i s t r i b u t i o n  of p a r t i c l e  in tens i ty ,  
it i s  necessary t o  solve an equation of cont inui ty ,  assigning d e f i n i t e  
mechanisms t o  t h e  formation and des t ruc t ion  of p a r t i c l e s .  kt us  f i r s t  
determine t h e  effect iveness  of an albedo neutron source, assuming f o r  
purposes of s impl ic i ty  t h a t  the  p a r t i c l e s  d r i f t  instantaneously toward 
the  envelope under consideration I-1. This assumptLon means t h a t  a l l  t h e  
pa r t i c l e s ,  which a re  formed during t h e  P-decay of albedo neutrons per  
u n i t  of time i n  the  magnetosphere i n  the  case of L 2 h, a r e  assumed t o  
be 
( i n  the  region L ,< L)

tramsferred with allowance f o r  energy change within t h i s  envelope 
Since the  ve loc i ty  of a proton formed during 

neutron decay i s  v NN vn (where vn i s  t h e  neutron ve loc i ty) ,  t he  average 
number of protons Raving t h e  energy E

P 2 E l ,  produced per  u n i t  volwne 
per unit of time within an envelope having t h e  parameter h, i s  
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where S(E,L)dE i s  t h e  d i f f e r e n t i a l  spectrum of albedo neutrons; t n d O l 3  sec 
- t h e  mean neutron l i fe t ime;  hx10 - corresponds t o  t h e  mean pos i t i on  of 
the  magnetosphere boundary; Vz - t h e  s i z e  of t h e  inner magnetosphere sec
t i o n  which i s  defined 'by t h e  envelope k. For p r e r e l a t i v i s t i c  p a r t i c l e s  
with large p i t c h  angles,  w e  approximately have E(L)*L3 = const (it i s  
assumed t h a t  t h e  geomagnetic f i e l d  i s  a dipole  f i e l d ) ,  and thus  
G~ = El ( h / L ) 3 .  The albedo neutron spectrum given i n  (Ref. 4) w a s  
empyoyed f o r  t h e  computations. The dashed l i n e  i n  Figure 1designates  
the  funct ion dNp/dt f o r  protons having a k i n e t i c  energy of more than 
1.7 Mev (El  = 1.7 Mev). I n  t h e  envelope of L M 3, t h e  l i f e t ime  of 
protons with respec t  t o  t h e  ion iza t ion  losses  ( t h i s  i s  t h e  slowest of 
t he  postulated -lossmechanisms) i s  T i  x 4=108sec. An approximate calcula
t i o n  using formula (1) shows that t h e  proton i n t e n s i t y  produced by albedo 
neutron decay i n  t h i s  envelope i s  

This i s  approximately one order of magnitude smaller than t h e  values ob
t a ined  during the  experiments of Davis and Williamson (Ref. 5 ) .  For 
E1 = 97 kev, t h e  divergence i s  severa l  order of magnitude ( R e f .  5, 6 ) .  
Thus, t he  albedo neutron source does not p lay  an important r o l e  i n  t h e  

fm 


' 

formation of t he  Davis protonosphere. 

The effect iveness  of a neutron source f o r  t h e  formation of a r e l a 
t i v i s t i c  e l ec t ron  zone (with no allowance, however, f o r  t he  e lec t ron  
spectrum of 8-decay) w a s  determined i n  a s i m i l a r  manner i n  the  work 
(Ref. 3 ) .  If w e  take the  spectrum of P-electrons i n t o  account, we obtain 

i s  the i n t e g r a l  dens i ty  of albedo neutron decay i n  the  magnetosphere 
(Ref. 4 )  

1; (12),jj: = 0,613. ( p-l)"~.];.d~ (4)(2,33-,y)2 

i s  the  e lec t ron  spectrum of 8-decay normalized per  u n i t  (here E i s  t h e  
t o t a l  e l ec t ron  energy i n  u n i t s  of %e2;% i s  t h e  rest mass of an e lec t ron;  
c i s  the  speed of l i g h t ) .  Since(Ea- 1) L3 x const i n  t h e  case of be t a t ron  
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Figure 1 

Function of dN/dt f o r  Protons With a Kinetic Energy of 
More Than 1.7 Mev (dashed l i n e )  and f o r  Electrons with 
a Kinetic Energy of  More Than 1.6 Mev ( s o l i d  l i n e ) ,  com
puted According t o  Formulas (1)and (2), Respectively. 

acce le ra t ion  of r e l a t i v i s t i c  e lec t rons  with la rge  p i t c h  angles, we have 

-1) LS = (E?-1)L;; 

The f’unction of dNe/dt i s  shown i n  Figure 1by the  s o l i d  l i n e  f o r  e lec
t rons  having a kinetic energy of more than 1.6 Mev (El  = 4.13). It i s  
known t h a t  a t  t h e  maximum of a r e l a t i v i s t i c  e lec t ron  zone(L - 4)t h e  
i n t e n s i t y  I e o f  e lec t rons  having t h i s  energy i s  on the  order of 

7lO5cm-”.sec-’ (Ref. 7). Lifetimes of T - I,/‘ dl\T, M 2-10see a re  requi( d t )
s i t e  ior such an i n t e n s i t y  caused by neutron P-decay (see Figure 1). These 
l i fe t imes  a r e  th ree  orders of magnitude smaller than t h e  l i f e t ime  with r e 
spect t o  ion iza t ion  losses  f o r  L - 4. Consequently, when t h e  e lec t rons  
drift f a i r l y  r ap id ly  toward t h e  Earth, t h e  albedo neutron source can pro
duce t h e  o?xerved i n t e n s i t y  of r e l a t i v i s t i c  e lec t rons  during a period of 
time which i s  much smaller than t h e  l i f e t imes  determined by ion iza t ion  
losses .  

kt us inves t iga te  a p a r t i c l e  whose r e f l e c t i o n  point  l i e s  close t o  
t h e  plane of t he  geomagnetic equator. J u s t  as i n  (Ref. 2), l e t  us i n t ro 
duce the  dimensionless quant i ty  
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where p and m are the  impulse and rest mass'of t h e  p a r t i c l e ,  respect ively.  
If t h e  second invar ian t  equals zero, it follows f r o m  t h e  conservation of t h e  
f i rs t  invariant  t h a t  J = const i n  t h e  case of d r i f t  ( i n  t h e  absence of 
losses) .  Calculations performed i n  (Ref. 8) show t h a t  J i n  re ta ined  with 
suf f ic ien t  accuracy, i f  t h e  p a r t i c l e  r e f l e c t i o n  poin ts  l i e  a t  l a t i t u d e s  
of ,< 30'. Let  f(L,J)dLdJ be t h e  number of p a r t i c l e s  i n  a force tube 
with t h e  diameter L i n  t h e  i n t e r v a l  (L, L +dL) and J - i n  t h e  i n t e r v a l  /328 
(J, J + d J ) .  Then i n  t h e  s t a t iona ry  case t h e  equation of cont inui ty  i n  
t h e  space (L, J) has t h e  following form: 

dJwhere Q i s  t h e  dens i ty  of t h e  source, and dL (L,J) and at (L,J) a r e  t h e  

coef f ic ien ts  (of t h e  rate of change) determined from physical  considera
t ions .  

Since t h e  neutron source i s  not powerful enough t o  c rea te  t h e  observed 
proton streams, l e t  us  assume t h a t  t h e  proton zone r e s u l t s  from t h e  d r i f t  
toward the  Earth of protons occupying the  layer  between t h e  magnetosphere 
boundary a.nd t h e  f ron t  of a s ta t ionary  shock wave, and t h a t  Q = 0 within 
the  magnetosphere ( i n  t h e  case of L < IO). If we do not a t t r i b u t e  proton 
d r i f t  and losses  t o  a spec i f i c  mechanism, we can assume t h a t  

V J2 
where, according t o  (5 ) ,  JP = L3'" EP = 4 (with t h e  exception of2 L  
formula (26), t h e  proton einergy % i s  measured i n  u n i t s  of "pc 2 both here 
ana below). 

The so lu t ion  of the. corresponding Cauchy problem ( f ( L  = It,) = Cp(J ) )  
f o r  equation (6) i n  t h e  case of  Q = 0 and the  conditions of (7) and (8P 
has t h e  following form 

n-1 

where 

Let us assume tha,t t h e  proton spectrum has t h e  following form at  t h e  magneto
sphere boundary Lo: 

f ( L= Lo)= cp (.IG)= c,\?SP(- l u g ) .  (11) 
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If we now t u r n  t o  proton energies,, then (11)1designates  t h e  s e c t r a l  
dependence of t h e  type e a (  -I$,/%) and A = 2% % 

. Using (J, we can 

f i n d  t h e  following from (9): 

A spectrum similar t o  (11)w a s  observed 'by Davis and Williamson ( R e f .  5, 6) 
within t h e  magnetosphere ncit only i n  envelopes which were r a the r  far removed 
(where t h e  energy losses  a r e  s m a l l  as compared with t h e  d r i f t  ve loc i ty  and 
where, consequently, it can be assumed t h a t  a = 0 i n  [12]), but a l so  i n  the  
region of t h e  proton zone m a x i m u m  ( L  - 3). Consequently, i n  order t h a t  t h e  
spectrum (12) coincide with t h e  experimental da t a  (Ref. 5, 6) we must

dL 
assume t h a t  m = n = 1 - i .e.,  =must  assume t h a t  t h e  d r i f t  ve loc i ty  d t  

knd t h e  rate of energy losses  -are proport ional  t o  the  proton impulse 

or t o  t , he i r  hrmor r ad ius ) .  
d t  /329 

Since t h e  d r i f t  e f f e c t s  a r e  manifested only i n  second order perturba
t i o n  theory with respect  t o  6B B (where B i s  t h e  geomagnetic f i e l d  s t rength) ,  
it can be r ead i ly  shown t h a t  ?!&- to,i . e . ,  q = 8.5, We thus have

d t  

We f ind  t h e  following from (12) 
I, -8,s 


!(I+ J p )  r= C I ( . ~ )  . c ~ p ( - A J ~ ~ ) - c s p[ - A a ( L ) ] .  (13) 
The volume dV of t h e  geomagnetic f i e l d  lune,  defined by envelopes having the  
parameters L and L -k dL when t h e  magnetic stream i s  constant through i t s  
t ransverse cross  sect ion,  changes proport ional ly  t o  L 4 '  25dL . Therefore the  
i n t e n s i t y  of p a r t i c l e s  having the  energy > E i s  

c J  
Since vp = 

,"/z ' from (13) and (14) we f i n d  t h a t  

I
I -



If it i s  assumed t h a t  = 10 , t h e n  the  measurements i n  ( R e f .  6) give1 

The pos i t i on  of t h e  proton i n t e n s i t y  maximum i s  determined from (15) by 
d i f f e r e n t i a t i o n  with respect  t o  L: 

In  t h e  case of k > 4.5, t h e  maximum s h i f t s  toward l a r g e r  L when t h e  energy 
increases,  which cont rad ic t s  t h e  experimental data. Select ing values of
haxf o r  any two values of proton energy Ep from t h e  experimental data,  we 
can determine k and @/o, from (17). kt us assume t h a t  hax= 3.5 f o r  
protons ha.ving an energy of 97 kev ( R e f .  6) and I&ax = 3.2 f o r  protons 
having an energy of 500 kev ( R e f .  9 ) .  From (17) we then f i n d  t h a t  
k = 2.5 and P/a = 2.75. For t hese  v a h e s  of k and @/a, w e  can determine 
the  pos i t i on  of t h e  maxima, f o r  protons having d i f f e r e n t  energies from (17):
hax= 2.85; 2.8; 2.5; 1.75; 1.5 f o r  protons with energies of 
> 1.7; > 2; > 5; > 40 and > 100 Mev, r e s  ec t ive ly .  hax-Ep -1/l2 approxi
ma.tely from 97 kev t o  5 Mev; - ,-'Y6 between 5 and 40 Mev. The /330
i n t e n s i t y  d i s t r i b u t i o n  of protons ha.ving ili�Yerent energies,  ca.lcula.ted 
according t o  (15) and (16) f o r  values o� 3 / a  = 2.75; k = 2.5; Lo = 10, i s  
shown i n  Figure 2 f o r  protons having energies  g rea t e r  than 
0.097;0.4; 0.5; 1.0; 1.7; 2.5 and 6 Mev. C1 = 5.75 w a s  se lected f o r  
norrrialization t o  t h e  absolute  i n t e n s i t y  of protons ha.ving energies of 
> 97 kev (- 2*107cm-2.sec-1*sterad-1int h e  case of L = 3.5) ( R e f .  6 ) .  The 
crosses  designate experimental po in ts  f o r  protons having energies grea te r  
tha,n 97 kev and 1.7Mev, obtained on t h e  s a t e l l i t e s  "Explorer-l2", 
"Etplorer-l4", and t'ECxplorer-15" (Ref. 5, 6).  The t r i a n g l e s  correspond 
t o  proton measurements ha,ving energies  of > 500 kev performed by t h e  
Vam Allen group (Ref. 9). The a s t e r i s k s  p e r t a i n  t o  experiments on t h e  

(Ref.s a t e l l i t e  ' r K ~ ~ m ~ ~ - 4 1 1 1  10) (proton energies  of 3 400 kev), and t h e  
vertica.1 cia.shes correspond t o  observed i n t e n s i t y  var ia t ions.  The s m a l l  
c i r c l e s  designa,te experimenta.1 poin ts  obta,ined on the  "Elektron" s e r i e s  
of s a t e l l i t e r ,  ( R e f .  11) (energies  g rea t e r  t h a n  2 and 5 Mev) . 

We should c a l l  a t t e n t i o n  t o  t h e  f a c t  thah t h e  Davis sDectrum.. 

- E L" 
exp (-a)( R e f .  11) f u l l y  determines the  s p a t i a l  i n t e n s i t y  
_. .- -.  -

A s  i s  known, t h e  volume element of t h e  geomagnetic f i e l d  
dvx' := L " ~ o s ~ X d L . d h . 2 ~ ~ ~where h i s  t h e  geomagnetic l a t i t u d e .  It f o l 
lows from a constant ma,gnetic stream t h a t  d L  - L". Therefore, t h e  
lune volume w i  h a constant "diameter" dL at  the  equakor i s  propor

)tnt i o n a l  t o  L4dL's cos7 Xdh, where Xm i s  t he  geomagnetic l a t i t u d e  of 

t h e  specular p0"int. In  t h e  case of h 6 30°, t h e  conservation of t h e  
f i r s t  two invar ian ts  y i e l d s  h, - L1/ 4m( R e f .  8) .  Therefore, t h e  lune 
volume defined by t h e  envelopes of L and L 4- dL i s  proport ional  to 
d V  - L4."5dL i n  t h e  case of hm d 30°. 
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B 7 L  

8 

Figure 2 

In t ens i ty  Dis t r ibu t ion  of Protons having Different  
Energies Computed According t o  (15) and (16) f o r  

A-
I - - - ,-\1 - Experimenta.1 poin ts  according t o  (Her. 5, 6); 

2 - According t o  (Ref. 9) ;  3 - According 
11) 

t o  
(Ref. 10) 4 - According t o  (Ref 

d i s t r i b u t i o n  of protons having any energy if t h i s  d i s t r i b u t i o n  i s  known 

f o r  protons having a d e f i n i t e  energy. However, we only employed t h e  

experimenta,l values of &ax f o r  protons having energies grea te r  than 

97 and 500 kev and t h e  spec t r a l  dependence (ll), i n  order t o  determine 

a l l  unknown parameters of t he  theory m, n, k and @/a. Therefore, t h e  /331

sa t i s f ac to ry  agreement with t h e  experimental da ta  which i s  i l l u s t r a t e d  

i n  Figure 2 i s  due t o  our assumptions regarding radial proton d r i f t ,  

which i s  described by t h e  equation of cont inui ty  (6) .  


Equation (15) a l s o  makes it possible  t o  determine the  proton stream 
a,t t he  magnetosphere boundary. I n  t h e  case of C1 = 5.75 and = 10,we 
find 
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- 

Thiis, t h e  expected i n t e n s i t y  of protons having energies  of 3 10-15 kev 
a t  t h e  magnetosphere bonndayy i s  on t h e  order of 2 - 3*104cm-2*sec-1. 
This estimate does not cont rad ic t  t h e  measurements performed by Bader 
( R e f .  l2) on t h e  satel l i te  "Explorer-l2; (a stream of protons with 
energies from 100 ev t o  20 kev < 106cm- *see-1) .  This es t imate  i s  not 
unexpected, s ince  t h e  s o l a r  wind protons having a mean energy on t h e  
order  of severa l  kev must 'be thermalized i n  t h e  region between t h e  
magnetosphere boundary and t h e  f ront  of a s takionary shock wave. 

kt us  now assume t h a t  t h e  r a d i a l  d r i f t  and "magnetic" e l ec t ron  
sca t t e r ing  are described by t h e  re la t ionships  (7) and (8) with t h e  
sa." parameters m, n, k and C / U  as f o r  protons ( jus t  as previously, 
w e  obviously have g = 8.5; t h i s  value,  which i s  determined 
theo re t i ca l ly ,  does not depend on t h e  m a s s  of t h e  charged p a r t i c l e ) :  

-
di:,, - T:J,L2>." 

1d t - (20) 
/ a  

where f o r  r e l a t i v i s t i c  p a r t i c l e s  Je = P,," =.Ee:'" ( t he  e l ec t ron  

energy E, i s  measured i n  u n i t s  of mec 2 ) .  ec 

I n  t h e  region of t h e  r e l a t i v i s t i c  e lec t ron  zone m a x i m u m ,  t h e  
dens i ty  of t h e  sources Q = 0, s ince r e l a t i v i s t i c  e lec t rons  cannot 'be 
formed d i r e c t l y  during ?-neutron decay, bu t  d r i f t  i n to  the maximum 
region from magnetic envelopes which a r e  fa r ther  awa.y 4.3 L 2 
The soluti,on of t h e  Cauchy problem for equa.tion (6) has the  following 
form i n  t h e  case of Q = 0 amd under t h e  conditions of (19-20): 

where 

I n  order t o  def ine t h e  boundary condition f ( L  = Le) = cp(Je), l e t  u s  
solve t h e  equation of cont inui ty  (6) i n  t h e  region & 2 L 2 & with t h e  
source Q(L,J) which i s  determined 'by the  dens i ty  of albedo neutron decay, 
bu t  without losses  ( t h e  i n t e n s i t y  maximum i s  formed f o r  those va.lues of 
L a t  which t h e  d r i f t  ra te  i s  on t h e  order of t h e  loss rate E:;as 

d t  d t  
follows from (19) and (20), i n  t h e  case of L >> &ax t h e  loss  rate i s  
negl ig ib ly  s m a l l  as compared wi th  t h e  d r i f t  ra te)  - From (6), w e  ob ta in  
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Figure 3 

Spa t i a l  In t ens i ty  Distr ibut ion of Electrons with Energies 
o f  More Than 1.6 Mev Calculated a s  from (2l)-(25) 
Crosses designate experimental po in ts  from (Ref. 7) (?Explorer -14"); 
Ci rc les  designate measurements on t h e  second Soviet cosmic rocket 

(Ref. 13); 
The stars designate  measurements from (Ref. 14) ("Explorer-12"). 

Employing t h e  equations (3) and (4), w e  f i n d  t h a t  t h e  number of  e lectrons 
formed per  u n i t  of time i n  a force  tube with t h e  parameter L, i n  t h e  
(L, L 4- dL) range, and Je i n  t h e  (Je, Je + dJe) range, approximately 
equals 

JQ ( L ,J , ) ~ ~ L u ' J ,  42 3 3 - 2= ~ , S . I O - ~ ~ J ~ L - ~  L*i.)Z dLdJ , .  (24) 

The re la t ionships  (21)-(24) f a c i l i t a t e  t h e  determination of f( L, Je) i n  /332 
the  case of L ,< Le; it i s  su f f i c i en t  t o  replace Lc -f L i n  (23) i n  order 
to determine f(LyJe) i n  the  case of L > Le. According to (14), t h e  in t ens i ty  
of r e l a t i v i s t i c  (ve M c)e lec t rons  having energies of > E, i s  

J m s  
(25) 

where Jmax= Emmolt  3/2 = According t o  (2l)-(25), 
= 10, Le = 7;E, = 4-13was selected f o r  the  computations (e lec t rons  

having a k i n e t i c  energy o f  > 1.6 Mev). The se lec t ion  of L, = 7 was i m 
posed by the  considerations already mentioned, namely fo; L < 7 it can 
'be assumed t h a t  Q(L,J) = 0, s ince the  6-decay electrons - d r i f t i n g  
i n  the  maximum region@! - 4)- cannot be accelerated up t o  an energy of 
1.6 MeV. In  t h e  case of L > 7, energy losses  as compared with t h e  d r i f t  
r a t e  can be disregarded. 



Figure 3 presents  t h e  s p a t i a l  i n t e n s i t y  d i s t r i b u t i o n  of e lec t rons  
having energies  g rea t e r  t han  1.6 Mev; t h i s  d i s t r i b u t i o n  w a s  computed 
according t o  (21) - ( 2 5 ) .  The crosses  designate  t h e  experimental po in ts  
obta,ined by the  Van Allen group on t h e  sa te l l i t e  "Explorer-14" ( R e f .  7 ) .  
The s m a l l  c i r c l e s  correspond t o  measurements on t h e  second Soviet cosmic 
rocket ( R e f .  l3), and t h e  a s t e r i s k  designates  measurements on t h e  
sa te l l i t e  "Explorer-12'' (Ref .  14) .  It can be r ead i ly  seen (see, f o r  
example, (7a)-(8a)) t h a t  ;when measuring t h e  energy of bo th  protons and 
e lec t rons  i n  units of  mec (and, correspondingly, t h e  proton impulse 

mPi n  u n i t s  of mec) - w e  ob ta in  -P = 2.75 -= 5.1010~( instead of t h e  
m e  w a s  se lec tedprevious v a h e  of @ / a  = 2.75). Therefore, P/a = 5.1~10~ 

t o  determine t h e  e l ec t ron  i n t e n s i t y  p r o f i l e  shown i n  Figure 3. 

Thus, t h e  s a m e  assumptions with respect  t o  t h e  nature  of d r i f t  
and loss  ( d r i f t  rate and energy l o s s  rate a r e  proport ional  t o  t h e  
impulse, or t o  t h e  Lamnor rad ius  of t h e  p a r t i c l e s  - (7a), (8a), (19),
(20) )  f o r  t h e  same r a t i o  of @ / a  provide for t h e  formation of i n t e n s i t y  
maxima of t h e  proton and e l ec t ron  zones of s i m i l a r  energies  i n  t h e  L
envelopes close a t  hamd. D r i f t ,  a r i s i n g  from perturbat ions of t h e  
t h i r d  invar ian t  due t o  a sudden change i n  the  azimuthal symmetry of t h e  
e;eoma,e;netic f i e l d  (Ref. 2 ) ,  does not depend on t h e  p a r t i c l e  mass or 
energy, and therefore  it does not have t h i s  property. In  order t ha t  
t he  theory (Ref. 2 )  may coincide with experimental d a t a  on t h e  i n t e n s i t y  
maxima pos i t i on  of t h e  proton and e l ec t ron  zones (with energies  on t h e  
order  of 1Mev), it must be a,ssumed t h a t  t h e  loss mechanisms are d i f f e r 
en t  f o r  protons and e lec t rons .  Radial p a r t i c l e  d r i f t  under t h e  influence 
of hydromagnetic waves propagated toward t h e  Earth does not depend on 
p a r t i c l e  m a s s  or energy e i the r  (as a computational refinement by t h e  
author ha.s shown [ R e f .  31)- Therefore, t h i s  cannot be  the  only mechanism 
leading t o  the  formation of e l ec t ron  and proton zones having s i m i l a r  
energies.  

Computations employing (2l)-(25) f o r  d i f f e r e n t  values of e lec t ron  
cnercy Ec (but for t h e  f ixed  r a t i o  ,3/a) have shown tha,t t he  i n t e n s i t y  
maximum pos i t i on  of  r e l a t i v i s t i c  e lec t rons  bare ly  depends on t h e i r  
energy: hax- where 0 = (3  - 5)-10-". This corresponds t o  t h e  /333 
meo,cureinent r e s u l t s  (see, f o r  exa,mple, [ R e f .  111). 

I n  cont ras t  t o  the proton source,whose s t rength  w a s  determined from 
experimental t la. ta (see , t h e  source of r e l a t i v i s t i c  e lec t rons  (dens i ty  
of albedo neutron decay i n  t h e  magnetosphere) i s  assumed t o  be prese t .  
Therefore, e l ec t ron  i n t e n s i t y  measurements m a k e  it possible  t o  f i n d  not 
only the  ra, t io :?/a (which determines t h e  in-censity m a x i m u m  pos i t ion) ,  bu t  
a l s o  t h e  d r i f t  r a t e  - i .e . ,a ,s ince i n t e n s i t y  1, - l / a  - [see (2l)-(25)]. 
a = 8.10-'" ,and consequently p = 4.10-12, wa,s se lec ted  f o r  normalization 
t o  t h e  absolute stream of e lec t rons  having energies of > 1.6 Mev i n  t h e  
region of t h e  zone m a x i m u m  (IeM 105cm-2 *see-1 f o r  L = 4.5 [ R e f .  71).
Thus, by u t i l i z i n g  (7a), (8a), (lg), (20), w e  can determine t h e  magnetic 
s ca t t e r ing  t i m e  



( E- $)for protons and electrons,  respec t ive ly :  

,--

I n  (261 t h e  e l ec t ron  and proton .energies a r e  given i n  i d e n t i c a l  u n i t s  
of mec . The t a b l e  below gives these  t imes f o r  protons and e lec t rons  
having d i f f e ren t  energies  f o r  P/a = 5.1-103,c1 = 8010-l~.For purposes 
of comparison, t h e  l i f e t ime  Ti with respect  t o  ion iza t ion  losses  i s  a l s o  
given. Small t imes of TZ f o r  L >z 3 ind ica t e  t h a t  protons may be 
ttdischarged" i n t o  t h e  atmosphere. I n  the  case of L < 3 T > Ti f o r  
e lec t rons  and protons having energies on t h e  order of 1M%. For protons 
with energies of t he  order of 30 Mev, T# > Tip i n  the  case of L . 4  2. 
Consequently, t h e  assumption of magnetic proton s c a t t e r i n g  (which i s  pro
por t iona l  t o  t h e i r  Iarmor rad ius)  does not cont rad ic t  t h e  preva i l ing  
assumption t h a t  t h e  inner  zone of energe t ic  protons (with energies of- 30-100 Mev) resul tsfrom P-decay of albedo neutrons, and t h a t  t h e  main 
mechanism leading t o  t h e i r  des t ruc t ion  i s  ion iza t ion  losses .  However, 
t he  p o s s i b i l i t y  i s  not excluded t h a t  t h e  d r i f t  of s o l a r  protons having 
energies on t h e  order  of severa l  hundred of kev, i n  an envelope with 
t h e  parameter L - 1.5, can lead t o  the  formation of a considerable amount 
of energet ic  protons within t h e  zone. However, t h i s  determination requi res  
measurements of t h e  s o l a r  proton spectrum having energies  which a r e  severa l  
hundred of kev outs ide of t he  magnetosphere. 

TABU 

I Electrons 

j E, = 1 . 6 ~ ~ ~TdI 
L I  


E =
TJ

=IMev 

2 9 5 * 10'1 
1,4*101" 
2.5.10' 
1.4.107 
2.4.10s 

Protons 

TM 

E =  
=30

)7 
M e  

I I I 

4 .6.1010 2.0.107 3.7.100 

I 

2 .G * I O 0  3.5.10' 1.9-10' 4.6.107 7.5.109 

43.107 G .9*107 3.8.10' 

2.5 . I O 6  2.3.107 1.2.106 

4,4.10' 
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K. I. Gringauz 

1. I n  1958-1959, t he re  were two models of t h e  in te rp lane tary  ,&A
plasma: A s t a t i s t i c a l  model - Chapman (Ref l), and a dynamic model -
Parker ( R e f .  2). It followed from'the Parker theory t h a t :  

(a) The plasma i n  in te rp lane tary  space must e x i s t  i n  t h e  form of 
streams which a r e  constant ly  moving from t h e  Sun at v e l o c i t i e s  of :- 10 km-see-' c lose  to t h e  so l a r  corona at a d is tance  of 
1 a.u. - (5-10)*10"km-sec-~; 

('b) The p a r t i c l e  motion must be  s i m i l a r  t o  r a d i a l  motion; 

( e )  The in te rp lane tary  magnetic f i e l d ,  frozen i n t o  t h e  plasma, must 
have a magnitude on the  order of un i ty  pe r  10-5gauss c lose to t he  Earth. 
I t s  force  l i n e s  must be  i n  t h e  form of s p i r a l s ,  whose form depends on 
the  pa r t i c l e s '  ve loc i ty  . 

According to Parker 's  computations performed i n  1958-1959, plasma 
streams c lose  to t h e  Earth 's  o r b i t  must be on t h e  order of 
lOllcm-"=sec-1 which corresponds to a concentration of - 103cm-3 f o r  a 
stream ve loc i ty  of - 103km-sec-1 , which i s  t h e  same as t h a t  given by 
the  Chapman model. 

2. The in te rp lane tary  plasma outs ide of t h e  geomagnetic f i e l d  was 
f irst  recorded i n  experiments with charged p a r t i c l e  t r a p s  on t h e  second 
Soviet lunar  rocket (1959) (Ref. 3). Subsequent observations were per
formed on the  t h i r d  lunar  rocket (1959) and t h e  in te rp lane tary  s t a t i o n  
"Vener-1" (February, 1961) (Ref. 4,-2). It w a s  found t h a t  t h e  magnitude 
of t h e  streams ranges between 108cm *see-1 to 10gcm-"*sec-1 , and a 
r e l a t ionsh ip  w a s  f o m d  between t h e  magnitudes of s o l a r  plasma streams 
and geomagnetic per turbat ions.  The s a t e l l i t e  "Ekplorer-10" (March, 1961) 
f i rs t  performed d i r e c t  measurements of t h e  proton v e l o c i t i e s  i n  s o l a r  /335
plasma streams (ranging between 400-700km.sec-l) (Ref 6). 

3. All of t h e  experiments based on d i r e c t  observations of t h e  i n t e r 
p lane tary  plasma before  1962 were fragmentary i n  nature,  and t h e i r  obser
va t iona l  per iods l a s t e d  a comparatively shor t  period of time. Therefore, 
it w a s  not poss ib le  t o  confirm t h e  f a c t  t h a t  t h e  s o l a r  plasma streams 
recorded always ex is ted  - <.e., they per ta ined t o  t h e  ' 'solar wind'' of 
Parker. It w a s  only t h e  almost continuous, four-month observations of 
t he  s o l a r  plasma streams on the  American in te rp lane tary  s t a t i o n  
"Mariner-2" (1962)which f i n a l l y  pointed to the  d e f i n i t e  conclusion t h a t  
so l a r  plasma. streams always e x i s t  and t h a t  t h e i r  ve loc i ty  i s  close t o  
t h a t  postulated by Parker 's  theory (Ref. 7).  
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4. An ana lys i s  of t h e  Doppler frequencies i n  the  spectrum of s igna ls  
re f lec ted  during solar rad io  location, performed a t  Harvard Radioastro
nomical Observatory (USA), showed t h a t  t h e  solar corona expands a t  a rate 
of approximately 15 Jm-sec-' c lose  t o  t h e  Sun (Ref .  8). This f a c t ,  along 
with d i r e c t  measurements of t h e  ve loc i ty  of s o l a r  plasma streams close t o  
t h e  Earth 's  o r b i t ,  subs tan t ia tes  t h e  v a l i d i t y  of t h e  assumption t h a t  t h e  
so l a r  corona expands a t  a rate which increases  as t h e  dis tance from t h e  
corona increases.  

5. Magnetic measurements i n  in te rp lane tary  space have confirmed t h e  
s o l a r  o r ig in  of in te rp lane tary  magnetic f i e l d s ,  as wel l  as t h e i r  s p i r a l -
l i k e  s t ruc tu re  postulated by Parker 's  theory. A s  w a s  indicated by t h i s  
theory2 t h e  m a  nitude of t h e  in te rp lane tary  magnetic f i e l d  was found t o  
be 10- gauss 

6. In  addi t ion  t o  "Iuna-2", tfLuna-3", and "Vener-l", t h e  solar 
plasma streams were a l s o  observed on t h e  Soviet in te rp lane tary  s t a t i o n s  
"Mars-1" (1962) and "Zond-2" (1964) Both t h e  ion stream magnitudes and 
t h e i r  energy spec t ra  were measured. A l l  of t h e  measurement da t a  on these  
Soviet space vehicles  point  t o  a co r re l a t ion  between t h e  magnitudes of 
t he  so l a r  wind streams and t h e  indices  character iz ing t h e  i n t e n s i t y  of 
geomagnetic per turbat ions (Ref. %;) . This conclusion,d i f  f e r s  r,from t h e  
conclusion reached by t h e  authors performing observations on Mariner-2"; 
i n  t h e i r  opinion the re  i s  a good cor re la t ion  between t h e  ve loc i t i e s  of 
so l a r  wind streams and t h e  Kp-indices, bu t  t he re  i s  no such cor re la t ion  
between t h e  magnitudes of t h e  streams and t h e  - indices  (Ref. 7 ) .  It 
can be assumed t h a t  t h i s  i s  r e l a t e d  t o  t h e  i n  t h e  observational 
method (measurements were performed on charged p w t i c l e  t r a p s  oy Scviet 
space vehicles ,  while an e l e c t r o s t a t i c  analyzer was employed on b r ine r -2" ) .  
Based on observat ional  d a t a  from t h e  s a t e l l i t e  "IMP-1" (Ref. 12) and from 
t h e  s t a t i o n  "Zond-2'' ( R e f .  ll), t h e  f luxes  of so l a r  wind ions can change 
between 2-1o7cm-"0sec -1 t o  103cm-2*sec-1. 

7. The ex i s t ing  experimental da ta  per ta in ing  t o  t h e  plasma and t o  
the  magnetic f i e l d  i n  interplanetaryspace ind ica te  t h a t  Parker's theory 
cor rec t ly  descr ibes  the  main f ea tu res  of t h e  phenomena observed, although 
individual  d e t a i l s  of t h i s  theory must be reexamined. 

8. The solar wind represents  a f a c t o r  which determines a l l  of t h e  
bas i c  processes i n  t h e  in te rp lane tary  medium and many of t h e  most impor
t a n t  geophysical phenomena. Thus, t h e  s t ruc tu re  of t h e  in te rp lane tary  
magnetic f i e l d  depends on t h e  s o l a r  plasma streams (and, consequently, 
t h e  t r a j e c t o r y  of cosmic rays) .  These streams determine t h e  form of t h e  
magnetosphere and apparently cont ro l  geomagnetic and ionosphere storms . 
Solar wind a l so  plays an important r o l e  i n  t h e  physics of t h e  p lane ts  -
laboratory experiments i r r a d i a t i n g  d i f f e r e n t  metals and rocks with proton 
streams provide a b a s i s  f o r  assuming t h a t  many spec ia l  physical  p roper t ies  
of t h e  lunar  surface are caused by t h e  d i r e c t  influence of t h e  solar wind 
upon it (Ref. E?, 13). 
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Therefore, f u t u r e  experiments studying t h e  s o l a r  wind represent one 
of t h e  most important problems of physical  inves t iga t ions  i n  space. 

1. Chapman, S. J. Atmos. Terr.  Phys., 15, 43, 1959. 

2. Parker, E. H. Astrophys. J., 28, 664, 1958. 

3. 	 Gringauz, K. I., Bezxwkikh, V. V., Ozerov, V. D., Rybchinskiy, R. Ye. 
Dokldy  AN SSSR, 131,6,13Ol,1960, 

4. Gringauz, K. I. Space Res., 2, 539, 1961. 

5 .  Gringauz, K. I., Bezrukikh, V. V., Balandina, S. M., Ozerov, V. D. 
wbchinskiy,  R. Ye. In  "Iskusstvennyye Sputniki Zemli". 
Izda te l ' s tvo  AN SSSR, No. 15, p. 98, 1963. 

6. Bridge, H. S., LBzarus, A. J., Lyon, E. F., Rossi, B., Sherb, F. 
Space Res., 4, 1133, 1963. 

7. Snyder. C. W., Neugebauer, M. Space Reso, 4, 89, 1964. 

8. M a x w e l l ,  A., Defouw, R. J., Comings, P. Planet. Space Sei., 12, 
No. 5, 435, 1964. 

9. Ness, 
1964 

N. F., Sceasce, C. S., Seek, J. B. J. Geophys. Res., 69, 3531, 

10. Ness, N. Fe, Wilcox, J..Me Phys. Rev. Letters, 13, 461, 1964. 

11. Bezrukikh, V. V., Gringauz, K O  Io,Rybchinskiy, R. Ye., Musatov, L. S., 
Khokhlov, M. Z. Doklady AN SSSR, 163, 4, 1965. 

12. Wehner, G. K., Kenknight, C. F., Rosenberg, D. Planet.  Space Sei., 
11, NO. 11, 1257, 1963. 

13. Rosenberg, D., Wehner, G o  K. J. Geophys. Res., 69, 15, 3307, 1964. 

456 




COMPARISON OF SWmANEOIJS MEASUREXENTS-OFTHE MAGNETIC FIELD AND 
POSITIVE I O N  STREAMS WITHIN THE EAKCH'S MAGNETOSPHEm, PERFOIiMED 

ON THE SATEUTE "ELEKTRON-2 I' 

K. I. Gringauz, Sh. Sh. Dolginov, V. V. Bezrukikh, 

Ye. G. Yeroshenko, L. N. Zhuzgov, L. S. Musatov, 


E. K. Solomatina, U. V. Fastovskiy 


91The s a t e l l l t t :  Elektron-2" w a s  launched in to  o r b i t  on January 30, /336
1964, with a n  apogee 11.6 Re (from t h e  center  of t h e  Earth) at a 61" 
angle t o  t h e  plane of t h e  equator. Figure 1 shows t h e  pos i t ion  of t h e s a t e l 
l i t e ' s  o r b i t  i n  an e c l i p t i c a l  coordinate system, i n  th ree  project ions 
and f o r  t h ree  f l i z h t  periods (see page 465 I - January 31-February 1, 1964; 
I1 - March 28-29, 1964; I11 - May 5, 6, 1964). The X-axis i s  d i rec ted  
toward t h e  Sun; t h e  Z-axis i s  d i rec ted  toward the  north pole of t h e  
e c l i p t i c .  

11The s c i e n t i f i c  equipment car r ied  on t h e  satell i te Elektron-2" 
included a charged p a r t i c l e  t r a p  and magnetometers, along with other  
instruments . 

The three-electrode t r a p  w a s  similar t o  charged p a r t i c l e  t r a p s  
car r ied  on t h e  Soviet space rockets  s ince 1959 (Ref. 1);t h e  p o t e n t i a l  
of i t s  outer  g r id  equalled t h e  p o t e n t i a l  of t he  s a t e l l i t e  frame. In  
t h i s  way t h e  t r a p  could record pos i t ive  ions having energies exceeding 
the  s a t e l l i t e  p o t e n t i a l  with respect  t o  t h e  surrounding medium, which 
produced a pos i t ive  current  i n  t h e  t r a p  co l l ec to r  c i r c u i t .  The t r a p  
could a l so  record streams of e lec t rons  having energies grea te r  than 
100 ev (higher than t h e  inner g r id  po ten t i a l ) ,  which produced negative 
currents  i n  the  same c i r c u i t .  I n  addition, t h e  t r a p  recorded photo
e lec t rons  from t h e  inner  g r id  a l so  i n  t h e  form of negative cur ren ts  i n  
the  co l l ec to r  c i r c u i t .  Thus, i f  t h e  t o t a l  current  i n  the  co l l ec to r  
c i r c u i t  w a s  posi t ive,  t h i s  corresponded t o  t h e  recording of pos i t i ve  
ion streams. 

The magnetometer, whose readings are  employed i n  t h i s  report ,  w a s  
a three-component device with orthogonal ferroprobe recorders with a 
measurement range of f l2OY (1)' = 10-50e) for each component. The mag
netometer s e n s i t i v i t y  threshold f o r  each component w a s  2Y. Due t o  t h e  /338
ro ta t ion  of t h e  container,  it w a s  possible  t o  cont ro l  and t o  determine 
t h e  correct ion f o r  absolute zero of t h e  f i e l d  within an accuracy of 3Y. 
The constant s e n s i t i v i t y  of t h e  apparatus w a s  checked every hour by c a l i 
bra t ion  of t h e  magnetometer channels during t h e  f l i g h t  (Ref. 2) .  The 
present repor t  presents  t h e  r e s u l t s  derived from comparing d a t a  from 
severa l  measurements performed with t h e  charged p a r t i c l e  t r a p  and t h e  
magnetometer on "Elektr0n-2~~,as wel l  as t h e  2-in&ices charac te r iz ing  
t h e  geomagnetic f i e l d  per turbat ion based on da a from simultaneous 
measurements performed at magnetic observatories on t h e  Earth. This 
comparison ind ica tes  t h a t  t he re  is  a cor re la t ion  between changes i n  t h e  
magnetic a c t i v i t y  on t h e  Earth's surface and changes i n  the.ge.omagnetic 
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f i e l d  s t rength  and pos i t i ve  ion streams a t  great  dis tances  from t h e  
Earth, within i t s  magnetosphere, during t h e  i n i t i a l  f l i g h t  period of 
t he  s a t e l l i t e .  This comparison a l so  ind ica tes  t h a t  t he re  i s  no corre
l a t i o n  'beyond t h i s  point,  up t o  t h e  end of t h e  f l i g h t .  

The nature of t h e  co r re l a t ion  i s  i l l u s t r a t e d  by da ta  obtained 
during magnetically quiet  days (January 30, 31, 1964; Figure l), during 
magnetically perturbed days (January 31-February I, 1964; Figure 2), and 
during t h e  period when t h e  magnetically quie t  state changed in to  a mag
n e t i c a l l y  perturbed s t a t e  (February 11-12, 1964; Figure 3) at d i s t m c e s  
of 6-11.6 Re as t h e  s a t e l l i t e  approaches and recedes from t h e  Earth. The 
geographic l a t i t u d e s  corresponding t o  t h e  pro jec t ions  of these  o r b i t a l  
sect ions on the  Earth range between 24's t o  60"s. The range i n  which 
t h e  longitude changes i n  these o r b i t a l  sect ions i s  - 160'. The following 
conclusions can be drawn from examining t h e  r e s u l t s  shown i n  Figures 1-3. 

1. During t h e  magnetically quiet  days of January 30-31, 1964(K, < 3) 
primari ly  negative currents  were recorded (with a very s m a l l  number of 
pos i t i ve  values), corresponding t o  s m a l l  magnitudes of t he  pos i t ive  ion 
streams. The magnetometer thus recorded a f i e l d  whLch was f a i r l y  regular  
i n  terms of magnitude and which exceeded t h e  t h e o r e t i c a l  value by 

AT - 20Y. This f i e l d  changed very l i t t l e  over t h e  e n t i r e  o r b i t a l  sect ion /339 

under examination. I n  t h e  region of t h e  apogee, AT w a s  about 40% of t h e  

calculated f i e l d  determined as the  eccentr ic  dipole  f i e l d .  The regular  

nature of t he  magnetograms indica tes  t h a t  t h e  "Elektron-2" o r b i t  was 

e n t i r e l y  within t h e  magnetosphere 


2. Only pos i t i ve  currents  were recorded i n  the  t r a p  co l l ec to r  c i r c u i t ,  
amounting t o  4*1OY0a, during a magnetically perturbed day (3  5 Kp ,< 5) on 
t h e  o r b i t a l  sect ion under consideration. These currents  could be caused 
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- 1by ion f luxes  exceeding 2-108cm-"*sec - (which corresponds i n  order of 
magnitude t o  solar plasma f luxes  outs ide of t h e  magnetosphere [Ref. 3-51). 

The magnetometer recorded a f i e l d  with AT - 40y, which i s  100%of 
t h e  calculated f i e l d  i n  t h e  apogee region. The s igni f icant  f i e l d  f luc
tua t ions  thus  discovered coincide with va r i a t ions  of t h e  geomagnetic 
f i e l d  on t h e  Earth during t h e  same period. 

The beginning of February 12, 1964, w a s  character ized by low magne
t i c  a c t i v i t y  (Kp < 3). A t  6 hours 5 minutes, a l l  of t h e  observator ies  
on t h e  Earth noted a per turba t ion  with a sudden commencement. The magne
t i c  a c t i v i t y  index rose up t o  3,  and equalled 4 a t  9 hours. A t  6 hours 
t h e  s a t e l l i t e  reached apogee. The magnetometer, which recorded a value 
of AT which was c h a r a c t e r i s t i c  for quie t  days at the  beginning of t h e  
day, indicated a f a i r l y  rap id  f i e l d  increase at about 6 hours. After 
t h i s  time, AT reached values which a r e  c h a r a c t e r i s t i c  for a perturbed 
day 

Up t o  3 hours, t h e  t r a p  co l l ec to r  cur ren ts  were pr imari ly  negative, 
which i s  c h a r a c t e r i s t i c  for a magnetically quiet  period. From approxi
mately 3 hours on, t h e  amount of pos i t i ve  cur ren ts  recorded began t o  
increase,  which ind ica t e s  an increase i n  t h e  pos i t i ve  ion streams. In  
t h e  period between 9 hours and ll hours, when Kp = 4, primari ly  pos i t i ve  
currents  were recorded, corresponding t o  ion fluxes on t h e  order of 
108cm-" see-1 , which i s  c h a r a c t e r i s t i c  for a magnetically perturbed period. 
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It should be noted t h a t  on Februwy E,1964, t h e  increase i n  posi
t i v e  ion streams an t ic ipa ted  a magnetf-c f i e l d  increase by approximately 
3 hours. The magnetic f i e l d  increase c lose  t o  t h e  s a t e l l i t e  and on the  
Earth began simultaneously i n  the  fir::t approximation - i n  any event, 
with very s m a l l  i n t e r v a l s  - and took place a t  a much f a s t e r  r a t e  than 
t h a t  a t  which' the t r a p  changed from recording negative co l l ec to r  currents  
t o  recording pos i t i ve  currents .  

Several  observations performed previously by means of magnetometers 
on space rockets  and s a t e l l i t e s  (Ref. 6-8 and others)  es tabl ished a 
cor re la t ion  between t h e  magnetic f i e l d  v a r i a b i l i t y  i n  cosmic space and 
t h e  magnetic a c t i v i t y  indices  on t h e  surface of t h e  Earth, as wel l  as a 
s i m i l a r i t y  between the  form of t h e  f i e l d  changes i n  cosmic space and on 
Earth i n  a grea t  many cases. I n  experiments based on d i r e c t  measurements 
of so la r  plasma streams outs ide of t he  geomagnetic f i e l d ,  a cor re la t ion  
was found 'between t h e  i n t e n s i t y  and ve loc i ty  of p a r t i c l e s  i n  these streams 
and geomagnetic per turbat ions on t h e  Earth (Ref. 3, 5 ) .  

Posi t ive ion streams i n  t h e  outer  magnetosphere regions were observed 
on the  American s a t e l l i t e  k x p l o r e r - U " ,  which w a s  launched on August,
1961, on an o r b i t  which w a s  incl ined by 33" t o  t h e  equator, with an apogee 
of - 13 toward t h e  Sun ( R e f .  9-11). The e l e c t r o s t a t i c  analyzer on t h i s  
s a t e l l i t e  d id  not record streams of protons with energies of < 20 kev, 
exceeding t h e  equipment s e n s i t i v i t y  threshold ( 6 * 1 0 " ~ m - ~'sec-l ) . The 
s c i n t i l l a t i o n  counter recorded streams of protons with energies of 
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0.1 Mev and 4.5 Mev (represent ingthe proton component of t h e  outer  r ad i  

a t ion  zone). The maximum in t ens i ty  of these  fluxes w a s  

6.7*1O6cm-"-sec-' *sterad-'and w a s  located at a geocentric dis tance of 
- 3.5 &. The zone boundary was located at dis tances  of up t o  11I&. /341
During a magnetic storm, t h e  maximum in t ens i ty  of these  streams increased 
by approximately a fac tor  of t h ree  (Ref. 11). During a magnetic storm on 
September 30, 1961, t h i s  apparatus observed omnidirectional proton streams 
outs ide of t he  Earth's magnetgsphere (close t o  the  s a t e l l i t e  apogee), with 
the  la rges t  i n t ens i ty  of 2-10 sec-L-sterad-'.  

However, on c e r t a i n  days during t h e  i n i t i a l  f l i g h t  period of t he  
s a t e l l i t e  there  was no co r re l a t ion  between pos i t ive  ion streams, on t h e  
one hand, and t h e  values of &I?and Kp, which we discussed above. Figure
4 shows measurements performed on February 15-16, 1964, from which it 
can be seen t h a t  increased streams of pos i t ive  ions occurred at low values 
of AT and a t  low values of Kp-

Figure 5 presents  t h e  mean (during t h e  observational period) values 
of t h e  t r a p  co l l ec to r  currents  a t  dis tances  between 6 R, and 11.6 Re, t h e  
mean values of AT according t o  t h e  magnetometer, and the  Kp-indices i n  
February, 1964. A s  cam be seen, t h e  cor re la t ion  indicated above w a s  
observed on almost every day during t h i s  period,and only i n  two cases w a s  
t he re  no cor re la t ion  (February 3, 1964 and February 15-16, 1964). 

Similar comparisons f o r  t h e  majori ty  of revolutions i n  March, April,  
and May, 1964, revealed no cor re la t ion  i n  t h e  sense of F i m r e  1 - namely, 
during magnetically quiet  days t h e  t r a p  co l l ec to r  currents  had la rge  
pos i t ive  readings, while t h e  values of t h e  $-indices and of AT were small 
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(see, f o r  example, Figure 6 f o r  Apri l  24, 1964). These la rge  pos i t ive  
readings of t he  co l l ec to r  currents  were observed up t o  t h e  end of t h e  
f l i g h t  of "Elektron-2". I n  pr inciple ,  we cannot exclude t h e  p o s s i b i l i t y  
t h a t  t h e  lack of co r re l a t ion  was czused by abnormal operation of t h e  
equipment over a period of time. Another p o s s i b i l i t y  i s  a change i n  t h e  
physical  conditions i n  t h e  surroundin medium r e l a t e d  t o  the "Elektron-2" 
orbi t  changing t o  t h e  nocturnal s ide  ?Figure 1 on page 466), and 
a l s o  re la ted  t o  t he  change i n  the  pos i t ion  of t h e  neu t r a l  points  of 
t he  magnetosphere region below t h e  Sun, with respect  t o  t h e  Earth-Sun 
l ine .  On t h e  o ther  hand, t he re  i s  no basj-s f o r  assuming t h a t  t h e  posi
t i v e  cor re la t ions  discovered i n  February a r e  random. They could be 
r e l a t ed  t o  important elements i n  the  magnetic per turbat ion mechanism. 

I n  contrast  t o  t h e  observations indicated above on "Explorer-C?'', 
t h e  observation of pos i t i ve  ion streams j.n February, 1964, which a re  
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described i n  t h i s  report ,  pe r t a in  t o  t h e  region lying beyond t h e  outer  
rad ia t ion  zone , bu t  within t h e  magnetosphere, although t h e  dis tance 
between the  s a t e l l i t e  and t h e  Earth i s  approximately t h e  same i n  both 
cases. (This i s  r e l a t e d  t o  t h e  d i f f e ren t  i nc l ina t ion  t o  t h e  equator of 
both s a t e l l i t e  o r b i t s )  . 

It i s  s t i l l  not c l e a r  whether t h e  streams observed by charged 
p a r t i c l e  t r a p s  on t h e  s a t e l l i t e  "Elektron-2" are caused by t h e  so l a r  
wind penetrat ing t o  t h e  depths of t h e  magnetosphere, or whether they 
a re  formed from p a r t i c l e s  of t h e  c i r c m t e r r e s t r i a l  plasma which a re  
accelerated by a mechanism which no one has s tudied as yet .  
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INVESTIGATION OF THE ELGTH'S MAGFETOSPHERF: I N  THE RADIATION ZONE: REGION 

( 3 - 6 ~ ~ ), FEBRUARY-APRIL, 1964 

Sh. Sh. Dolginov, Ye. G. Yeroshenko, L. N. Zhuzgov 

Direct  measurements of t h e  ge,omagnetic f i e l d  s t rength  made during /342
t h e  f i rs t  space rocket f l i g h t s  i n  the  Ear th ' s  outer  magnetosphere and 
i t s  boundary region ( R e f .  1-5) gave t h e  f i rs t  information on ex terna l  
sources of t he  magnetic f i e l d  i n  the  region i n  space where t h e i r  ac t ion  
i s  comparatively grea t  and comprises a percept ible  port ion of t he  magne
t i c  f i e l d  s t rength  a t  these  dis tances  determined by sources within t h e  
Earth. These f i rs t  d i r e c t  experiments on measuring geomagnetic f i e l d  
s t rength  and r ad ia t ion  make it possible  t o  d is t inguish  the  magnetically 
most ac t ive  regions at  a dis tance of 10-15Re, where t h e  geomagnetic 
f i e l d  makes d i r e c t  contact with geoeffective corpuscular solar radiat ion,  
and of 3-5 %, where processes take place which are responsible f o r  t he  
development of  successive s tages  of magnetic storms. 

Studies made by t h e  s a t e l l i t e s  "Explorer-lo", "Explorer-12", and 
"~xplorer -18"  (Ref. 5-7) disclosed experimental f indings favoring the  
assumptions t h a t  t h e  magnetosphere has an abrupt boundary or "magneto
pause", a t r a n s i t i o n a l  region, and a shock f r o n t  boundary. 

Experimental f indings from t h e  f l i g h t s  of space rockets  (Ref. 8-10) 
and long-lived s a t e l l i t e s  (Ref. 11-15)made it possible  t o  define more 
accurately t h e  composition and morphological f ea tu re s  of t h e  ex terna l  
rad ia t ion  zone on magnetically-quiet and magnetically perturbed days. 
Information obtained on t h e  ex terna l  zone d i s t r i b u t i o n  of protons having 
comparatively s m a l l  energies of 150 kev t o  4.5 Mev ( R e f .  16-17) was of 
extreme importance . 

The space of t h e  r ad ia t ion  zone, espec ia l ly  the  region of t he  
maximum, was explored t o  a l e s se r  degree. Our informa.tion on the  mag
n e t i c  f i e l d  a t  d is tances  of 3-5 Re had been p r a c t i c a l l y  l imited t o  the  
f irst  pro5e measurements (Ref. 1,'2,5).  The experiments conducted had, 
i n  pa r t i cu la r ,  furnished no systematic or d e f i n i t e  information on t h e  
magnetic e f f e c t s  of t h e  proton and e lec t ron  components of trapped r ad i 
a t ion  on quiet  days, or on t h e  existence and locat ion of t h e  ex t ra -
ionospheric current r i n g  of magnetic storms (Ref. 18-19). The experi
mental f indings on t h e  topology and morphology of t he  magnetosphere 
boundary region a t  mean l a t i t u d e s  were likewise inadequate. The 
inves t iga t ion  of these  problems comprlised a considerahle portion, of thp. 
s c i e n t i f i c  program sf the  magnetic a,nd radia.tion s tudies  on the  . 
I t  Elektron" s a t e l l i t e s  
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1. Orbit and Metrological Features of the Equipment 


The satellite "Elecktron-2" was lofted into orbit on January 30, 1964. 
The orbital inclination to the Earth's equatorial plane was 61O. Its 
apogee was 11.67 Re (Re designaGes the Earth's radius). The satellite's 
initial period of revolution was 22 hr, during which information on the 
magnetic field in the range from 3 to 11.6 Re arrived f o r  almost 20 hr. 
Figure 1 presents the orbital position and change during the active 
operation of "Elektron-2". In the initial period, the satellite reached 
apogee on the morning side of the Earth, moving in an ascending revolu
tion from the nocturnal to the morning side and approaching the Earth on 
the morning-diurnal side. Orbital apogee subsequently shifted to the noc
turnal side. The forward revolutions began on the evening side of Earth and 
the reverse revolutions ended on the morning side. In the next operational 
period of the satellite the orbit's apogee was displaced to the nocturnal /343 
side. The forward revolutions began on the evening side, while the re
verse revolutions ended on the nocturnal-morning side. 

During the satellite's flight from January 30, 1964 to May 5-6, 1964, 
information was obtained on 40 revolutions in space from 3 to 11.6 Q. 
The measurements were made by two three-component magnetometers with a 
measurement range of L 1200 y and 2 120 y for each component (Ref. 15). 

The sensitivity threshold of these magnetometers uder real measure
ment conditions may be taken to be 10 and 2 y, respectively. The channels 
of each three-element magnetometer were interrogated practically simul
taneously by the memory unit commutators of the radiotelemetry system. 
Most of the t%ne the magnetometers were interrogated once per two minutes; 
one other measurement regime consisted of one measurement per eight minutes. 

The tiime-stability of the equipment was checked under laboratory 

conditions, and the temperature coefficients and corrections to absolute 

zero were determined for every magnetometer channel. The instruments 

were calibrated every hour during flight. 


The initial data received directly from the satellite were the 
values of the field components from the readings of both magnetometers. 

The present article analyzes only the scalar field values T calcula

ted from the three magnetometer channels. We must dwell in somewhat 

more detail on magnetogram accuracy. The error of a single magnetometer 

reading may, after the telemetry data are decoded, reach a value of 

AT = a cos a + AY cos B +AZ cos Y, where a, B, Y are the angles between 
the magnetometer axis and the total field vector. Under unfavorable 
conditions this error may, depending on magnetometer sensitivity, reach 
3.5 Y. For the second instrument wrfth a ten times wider range, it may 
reach-35 . 
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Figure 1 

Change i n  Orbit  of S a t e l l i t e  "Elektron-2" 

When est imat ing average f i e l d  level, w e  may use a group of readings 
as a, funct ion of t h e  coordinates,  and average them gra,phically. This 
permits us  t o  e l iminate  random telemetry e r r o r s  with am accuracy depend
ing on t h e  number of po in ts  i n  t h e  averaging period. Then t h e  difference 
between t h e  Tchange graph and t h e  t rue  graph of t h e  .modulus of vector  T 
w i l l  be spec i f ied  by t h e  systematic e r r o r  i n  measuring cor rec t ions  t o  
absolute  zero (& , Yo, Z,). The s t a b i l i t y  of t h e  magnetometer zero may 
be monitored by modulation e f f e c t s  ( R e f .  2)  with a s e n s i t i v i t y  of - 2 y 
i n  t h e  modulus of T f o r  a sens i t i ve  instrument, and of - 20y f o r  a 
coarse instrument. S t a b i l i t y  con t ro l  of t h e  coarse  magnetometer zero 
w a s  a l s o  made by comparison with readings of t h e  sens i t i ve  magnetometer 
i n  a region of space where not one of t h e  instruments w a s  o f f - sca le .  The 
absolute  systematic e r r o r  of t h e  T magnetogram modulus i n  t h e  operating /344 
sec t ions  of t he  sens i t i ve  magnetometer does not exceed 2 y, and of the  
course magnetometer - 20 y. 

2. Nature of t h e  Magnetometric Informaxtion 

The solid curve i n  Figure 2 represents  a t y p i c a l  magnetogram from 
mea,surements a t  a d is tance  of 3-11Re. The broken curve represents  t h e  
computed geomagnetic f i e l d  values with allowance f o r  s i x  harmonics of 
t h e  Gaussian series*. I n  t h e  t r a j e c t o r y  sec t ions  from 3 t o  7 RL, t h e  magneto-
grams were p lo t ted  from the  coarser  magnetometer readings, and i n  t r a j ec to ry- *sec t ions  from 7-11.6Re - from the  sens i t i ve  manometer readings.  

The difference between t h e  sum of the  s i x  jia.rmonics and an eccent r ic  
d ipole  a t  d i s tances  of - 3 Re does not exceed 8Y. A t  g rea t e r  dista.nces, 

. .* 
The computations were made according t o  a f i e l d  synthesis  pr0gra.m 
compiled by T. L. Vinnikova from coe f f i c i en t s  extrapolated f o r  t h e  
period of 1964 by M. P. Ben'kova and L. 0. Tyurmina. 
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Figure 2 

Typical Magnetograms of Observed (Solid Curve) and Calculated Values (Broken Curve) of Scalar Magnetic 
Field Strength Along the Trajectory of  "Elektron-2". Moscow time, Geocentric Distance r i n  Earth Radii, 

and Geographic Latitude and Longitude a re  Plotted Along the  Horizontal Axis? 



t h i s  discrepancy i s  negl ig ib ly  small. The AT curves a r e  ana!- ;, I : .  

compared below. Along t h e  t r a j e c t o r y  t h e  AT have cer ta i i j  + . . :-
common which a r e  maintained on magnetically-quiet and IC%~_l_:,LL&LLJ. 
perturbed days: Their measured values on t h e  forward t ions  a r e  
l e s s  than t h e  calculated ones a t  d is tances  from 3 t o  5 ne. When the  
Earth w a s  approached on t h e  reverse  revolut ions,  t he  measured valuer 
became less than t h e  calculated at  dis tances  of - 7 R, i n  t h e  i n i t i  
opera t iona l  per iod of "Elektron-2". A t  - 6 R, i n  a l l  subsequent re 
l u t i o n s  t h i s  s ign  was maintained r i g h t  down t o  d is tances  of - 3 R,. 
In  t h e  remaining space, t he  AT values were pos i t ive ,  i .e. ,  t h e  measu . 

values were g rea t e r  than t h e  calculated f i e l d  v a h e s .  

Beyond t h e  above-li8ted possi'ble e r ro r s  i n  experimental and com. 
puted magnetograms, it i s  n a t u r a l  t o  l i n k  t h e  obtained AT values w i t .  
t h e  e f f e c t  of t h e  magnetic f i e l d ' s  ex te rna l  sources. Bearing the  f a c t  
i n  mind t h a t  t h e  experimental f indings were ma.de a t  grea t  dis tances  
from t h e  Ear th ' s  surface,  we be l ieve  it i s  reasonable t o  l i m i t  t he  
possible  ex te rna l  magnetic f i e l d  sources t o :  (1)currents  i n  the  geo
magnetic f i e l d  boundary region about which a stream of ionized so la r  
plasma flows, (2)  cur ren ts  i n  t h e  ex te rna l  r ad ia t ion  zone, and (3) i n t e r 
p lane tary  f i e l d s  and corpuscular stream f i e l d s .  

Without any previous model t o  explain t h e  most probable contribu
t i o n  of each above-l is ted source t o  the  AT values obtained, i n  order t o  
d is t inguish  between the  f i e l d  sources, it i s  reasonable t o  compare t h e  
absolute  values of AT a t  various d is tances  and t h e  degree of v a r i a b i l i t y  
i n  AT a t  various dis tances  when magnetic a c t i v i t y  changes. 

Figure 3 gives t h e  average three-hour pos i t i ve  values of AT on 
succ'essive revolut ions ( top curve) and the  5 ind ices  of magnetic a c t i v i 
t y  ('bottom curve).  

The va r i a t ions  i n  t h e  pos i t i ve  AT a t  dis tances  of 7-11.6 Re during 
moderate magnetic disturbances amount t o  200% of f i e l d  magnitude a t  these  
d is tances .  The co r re l a t ion  'between va r i a t ions  i n  pos i t i ve  AT values 
and Kp indices  i s  s u f f i c i e n t l y  c l ea r .  

The negative AT observed a t  dis tances  of 3-6 Re amount a t  the  most 
t o  10% of t h e  dipole  f i e l d  s t rength  at these  dis tances;  i n  absolute mag
nitude,  t h i s  i s  t h r e e  t o  four  t imes more than t h e  s c a l a r  AT values a,t 
g rea t  dis tances .  

To c l a r i f y  t h e  degree of cor re la t ion  between the  va r i a t ions  i n  nega
t i v e  values of AT and t h e  Kp indices  a,t short  dis tances ,  where the  f i e l d  
changes rap id ly  with change i n  dis tance,  t he  areas  were estima.ted which /346 
were delimited by the  curves of negative AT v a h e s  and of t he  AT = 0 
l i n e s  i n  t h e  successive phases of forward and reverse revolut ions 
(Figure 4 ) .  These a reas  a.re proport ional  t o  the  ''nega.tive magnetic fluxes". 
It w a s  found t h a t  these  f luxes  on the  forward revolut ions ( low-lat i tude 
t r a j e c t o r y  phases) a r e  loosely cor re la ted  with var ia t ions  i n  t h e  index of 

468 




Comparison of Var i ab i l i t y  of Three-Hour AT Value Between 
Measured and Computed Values (Top Curve) and of 
Index of Magnetic Act iv i ty  f o r  February-April, 

magnetic a c t i v i t y .  On t h e  reverse revolut ions (high-lat i tude t r a j e c t o r y  
phases) they vary noticeably as magnetic a c t i v i t y  var ies .  The v a r i a b i l i 
t y  of t he  "negative ma.gnetic streams", however, i s  percentagewise 
subs t an t i a l ly  l e s s  than the  v a r i a b i l i t y  a t  dis tances  of 7-11.6 Re. 

A comparison of t h e  s ign of t h e  absolute values of negative AT a t  
dis tances  of 3-6 Re, and of pos i t i ve  AT a t  6-11.6 Re, and a comparison 
of t h e i r  degree of v a r i a b i l i t y  with the  change i n  a c t i v i t y  permits t h e  
assumption t h a t  they a r e  due t o  d i f f e r e n t  sources. However, t he re  i s  
no doubt t h a t  these  d i f f e r e n t  sources make a d e f i n i t e  contr ibut ion both 
t o  t h e  negative and t h e  pos i t i ve  values of AT which were observed. 
This study w i l l  only examine observations a t  dis tances  of 3-6 %, where 
t h e  AT d i f fe rences  a re  negative. 

3. AT Values a t  Distances of 3-6 Re 

( a )  Figure 4 gives the  AT values observed i n  38 successive revolu
t ions .  They a re  arranged i n  th ree  columns, i n  each of which the  AT 
values on t h e  forward revolutions a r e  p lo t t ed  on the  l e f t ,  and t h e  
values on t h e  reverse revolut ions are p lo t t ed  on the  r igh t .  The date  
and number of t he  revolut ion a r e  designated by f igures ;  t h e  ind ica tor  
a t  t he  l e f t  gives the  sca le  on t h e  AT ax i s  i n  gammas., . 

It should f irst  be noted t h a t  during t h e  "Elektron-2" measurements 
(February-May, 1964) t h e r e  was no opportunity t o  observe pos i t i ve  values 
of AT a t  these  dis tances ,  where i n  a l l  cases t h e  measured values were 
l e s s  than t h e  computed values a t  these  dis tances .  

The l a rges t  AT values on ordinary days were detected a t  d is tances  of 
- 3  % *  They amount t o  - 100-150Y. The AT pa t t e rn  a t  d is tances  nearer  
t o  the  Earth - which i s  extremely important i n  understanding t h e  nature  
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Figure 4 

Difference of AT Between Measured and 
Computed Fie ld  Values a t  Distances of 3-6 

of t h e  e f f ec t  - has not been studied, as i n  t h i s  region t h e  f i e l d  i s  
a.bove t h e  instrument measurement range. Only i n  a f e w  instances  were 
diminishing AT readings discovered a t  d is tances  of 3-4 %, which ind i 
ca t e s  tha,t t he  AT curves have extrema1 va.lues. 

I n  t h e  i n i t i a l  f l i g h t  period of "Elektroii-2" a certa. in asymmetry 
was seen i n  t h e  AT curves on t h e  forward and reverse  revolut ions;  t h e  AT 
curves on t h e  reverse  revolut ions are f l a t t e r .  Later on no such asymmetry 
i n  t h e  curve p a t t e r n  was cons is ten t ly  detected.  1347 

(b) A s  t h e  Ea.rth i s  l e f t  behind, AT becomes smaller and i n  c e r t a i n  
regions AT = 0. With f u r t h e r  withdrawal from t h e  Earth, t h e  value of 
AT, as already mentioned, changes sign. When t h e  Earth i s  approached on 
t h e  reverse  revolutions,  t h e r e  i s  an a rea  where AT = 0. 
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Figure 5 

Geocentric Distances R, and Geographical h t i t u d e s  
of t h e  cp-Regions where AT= 0 

Horizontal  axis gives dates and revolut ion numbers. 

The geocentr ic  d i s t ances  (poin ts  joined by s o l i d  curve) and the  geo
graphic l a t i t u d e s  (broken curves) where AT = 0 a r e  p lo t t ed  on t h e  v e r t i 
c a l  curve i n  Figures 5a,b. The revolut ion numbers t o  which t h e  observations 
r e f e r  are p l o t t e d  on t h e  hor izonta l  axes. The upper curve i s  t h a t  of t h e  
forward revolut ions,  the  lower - t h a t  of t h e  reverse  revolut ions.  The 
f igu re  a l s o  gives t h e  three-hour Kp index values and t h e  corresponding 
observat ional  days. It m u s t  be  remembered t h a t  t h e  observation times a t  
t h e  poin ts  where AT = 0 on t h e  forward and reverse  revolut ions are 16-18 
hours apa r t .  

Our a t t e n t i o n  i s  f i r s t  of a l l  a t t r a c t e d  by the  qui te  d i s t i n c t  depen
dence of t h e  Re and cp coordinates of t h e  AT = 0 regions on magnetic 
a c t i v i t y .  The value of AT i s  observed t o  equa.1 zero on the  forwar$ revo
lutions,  on t h e  average, a t  d i s tances  of 5 Re and a t  l a t i t u d e s  of 26 S. 
This i s  observed on reverse  revolut ions on t h e  average a t  d i s tances  of 
6 R, and a t  l a t i t u d e s  of 58"s. A s  per turba t ion  i n  t h e  region AT = 0 
increases ,  AT i s  discovered t o  equal  zero a t  smaller geocentric d i s tances  
and lower l a t i t u d e s .  A s  magnetic a c t i v i t y  i n  t h e  region subsides, 1348 
AT = 0 a t  g rea t e r  geocentr ic  d i s tances  and higher l a t i t udes .  

( e )  The regions of AT = 0 on the  reverse revolut ions d isp lay  a sys
tematic  seasonal  d r i f t .  The radial d is tances  of t h e  AT = 0 region 
shifted.  from 7.5 R, a t  t h e  end of January, 1964 t o  5 % at the  end of 
April ,  1964. The l a t i t u d e s  changed from y = 59" t o  52 S.  
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Figure 6 

Effect of Magnetic Puturbation a t  a Distance of 3-4 Re 
During the  Storm of February 11-12, 1964 (Bottom Curve) 

and on the  Surface-af t h e  Earth 

(d)  The regions of negative AT (from the  AT m a x i m  t o  AT = 0) on 
t h e  forward and reverse revolutions are approximately 160 longitudina,l  
degrees apar t .  This ind ica tes  t he  circular nature of t h e  e f f e c t .  

( e )  The above fea tures  of AT d i s t r i b u t i o n  a t  d is tances  of 3-6 R, 
a r e  cha rac t e r i s t i c  of each day i n  t h e  period under investiga,t ion.  There 
were no large magnetic storms i n  t h i s  period. A t  t h e  same time, p a r t i 
cu la r ly  great  discrepamcies between t h e  measured and the  calculated 
f i e l d  values were recorded a t  3-4 Re during th ree  moderate magnetic 
per turbat ions.  The measured f i e l d  values proved t o  be 300-400 y l e s s  
than t h e  calculated i n  a sharply delimited space of - 0.2-0.5 Re a t  
dis tances  of - 3.5 Re. 
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Figure 7 

Effect of Magnetic Perturbation a t  Distance of 3-4 During 
Storm of February 21, 1964 (Bottom Curve) and on Surface of 

t he  Earth 

( f )  All t h e  above-mentioned cases of severe f i e l d  depression a t  
3-4 Re occurred during magnetic storms, bu t  when compared morphologically 
with t e r r e s t r i a l  da t a  each of these  e f f e c t s  had i t s  own cha rac t e r i s t i c  
fea ture  s . 

The f i rs t  of these  cases w a s  recorded during the  magnetic s t o m  of 
February 12, 1964 severa l  hours a f t e r  i t s  sudden commencement, but  long 
before development of t he  storm's main phase (Figure 6). This event 
coincided with t h e  start of a polar  substorm development a t  13 hours 
30 minutes UT (College S ta t ion  da,ta). On-board da ta  indicated t h a t  t h i s  
phenomenon l a s t e d  - l2 minutes (six readings),  and t h e  maximum amplitude 
w a s  AT = -450)'. However, i n  t h i s  case t h e  subs t an t i a l  f i e l d  decrease 
w a s  apparently not of an annular nature,  t h e  s t a b i l i t y  of which would have 
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l a s t ed  a t  least 2 hours. This ensues from t h e  f a c t  t h a t  2 hours l a t e r ,
when t h e  s a t e l l i t e  w a s  at  these  same d is tances  on the  ascending l i m b  
of t k n a r t m M i o n  (cp = 4 " S ) J  no s i m i l a r  depression w a s  detected.  The 
main phase of t h e  storm began t o  develop at  low and middle l a t i t u d e s  
15 hours a f t e r  t h i s  event. 1350 

Two other cases were recorded while t h e  main phase of t h e  storm w a s  
developing. The on-board magnetograms indicated t h e  main phase pr imari ly  
by the  f a x t  t h a t  t h e  geocentric dis tances  of t h e  AT = 0 regions decreased 
t o  4.5 Re, whereas t h e  AT = 0 region on t h e  reverse  revolut ions i s  usua l ly  
observed a t  6-7 Re-

The severef ie ld  depression e f f e c t  during t h e  main phase of t he  storm 
of Fe'bruary 20-21 w a s  represented a t  d is tances  of 4.3 R, by a s ingle  
point (because of information breakdown, Figure 7). However, t h i s  read
ing (AT = -330 y) may be considered r a the r  r e l i a b l e ,  because the  three  
measured f i e l d  components a re  reduced i n  value.  

During development of t h e  main phase of t h e  March 4 storm, a s ign i f 
ican t  f i e l d  reduction (AT = -450 y) w a s  noted a t  3.5 Re, and i s  represent
ed 'by two readings (Figure 8) .  This time depression of t h e  f i e l d  a l so  
coincided with deyelopment of  a polar  substorm. It w a s  impossible i n  t h e  
next two cases, however, t o  determine whether t h e  phenomenon were annular 
i n  nature during the  main storm a t  3.5 R, (because of lack of information 
on succeeding revolut ions)  

4. Magnetic Fi-eld of Trapped Radiation 

The magnetic f i e l d  of a rad ia t ion  zone i s  connected (Ref. 20-22) f351 
with th ree  ordered movements of protons and e lec t rons  i n  t h e  geomagnetic 
f i e l d :  

a )  ro t a t ion  of p a r t i c l e s  i n  planes perpendicular t o  the  l i n e s  of 
force,  

b) o s c i l l a t i o n s  along l i n e s  of force between specular r e f l e c t i o n  
poin ts  , 

c)  east-west d r i f t  of protons and e lec t rons .  

The f a c t  t h a t  t h e  p a r t i c l e s  move around curved l i n e s  of magnetic 
force plays an important ro le ,  while t h e  r ad ia t ion  dens i ty  has m a x i m a  
i n  t h e  space of t h e  outer  magnetosphere. 

The maximum dens i ty  of protons of'> 0.15 Mev enerry occurs at2a 
dis tance of - 3.5 Re, where f lux  i n t e n s i t y  i s  - 5-108 proton.cm- .see -1 

(Ref. 17, 23, 24).  I n  a quiet  period, t he  i n t e n s i t y  va r i e s  within 30%. 
The maximum of protons of - 1.2 Mev energy i s  found a t  - 3.0 Re, where 
in t ens i ty  i s  2.5.10" proton.cm-"-sec-l (Ref. 25, 26). The energet ic  
protons display t h e i r  g rea t e s t  v a r i a b i l i t y  i n  a magnetically perturbed 
period (Ref. 2 3 ) .  The maximum of t h e  zone of e lec t rons  having 
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Figure 8 

Effect of Magnetic P e r t u r h t i m  a t  3-’c Re During Storm of 
March 3-4, 1964 (Bottom Curve) and on Surface of t h e  Earth 

- 50-100 kev energies i s  located a t  4.5-5 Re (Ref. 25).  During years of 
m a x i m u m  so l a r  a c t i v i t y ,  it i s  located at a dis tance of - 3.5 Re (Ref. 8 i  The 
f l u x  of e lec t rons  with energies  of - 50-100kev is”?*lo7  electron*cm-?sep.  
The f lux  of energet ic  e lec t rons  (1.6 MeV) i s  3-10 electron.cm-”.sec -1 

(Ref. 25, 26).  The e f f i c i ency  of p a r t i c l e s  i n  c rea t ing  a magnetic f i e l d  
i s  determined by t h e i r  number, energy, and pitch-angle d i s t r ibu t ion .  

The magnetic f i e l d s  of spec i f i c  models of rad ia t ion  zones have been 
calculated i n  (Ref .  27-29). 

Figure 9 gives t h e  AT values of t h e  magnetic f i e l d  i n  t h e  equa to r i a l  
plane r e su l t i ng  from t h e  ac t ion  of t h e  ex terna l  r ad ia t ion  zone protons 
(Ref. 27) .  With a maximum p a r t i c l e  densi ty  of 0.6 proton-cm-3and average 
p a r t i c l e  energy of 500 kev, t h e  value of AT on t h e  Earth’s surface i s  
-38 y. A t  a d i s tance  of 4 R, it i s  -72 y, which i s  approximately 15% of 
t h e  dipole  f i e l d  a t  t h i s  dis tance.  Beyond 7 %, t h e  proton zone increases  
t h e  Earth’s  f i e l d  by +20 y. 
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Computed Values of Magnetic Effect  of a Quiet Protonosphere (Ref. 27) 

In an evaluat ion of t h e  quiet  protonosphere magnetic f i e l d  (Ref. 28),
-3
t h e  following values were assumed: p a r t i c l e  dens i ty  0.46 proton-cm ,

and average proton energy 300 kev. I n  comparison with t h e  values 
adopted i n  Ref. 27, t h e  p i t c h  angles and d is tances  from zone maximum t o  
the  center  of t h e  Earth were s l i g h t l y  a l t e r ed .  Under these  conditions, 
t h e  magnetic f i e l d  of AT on t h e  Ear th ' s  surface proved t o  be - 1 4 ~ ;  -23y 
a t  3.5 Re; and *-5Y beyond 7 

(Ref. 29, 30) compute t h e  AT f i e l d  based on models of t he  ex te rna l  
rad ia t ion  zone i n  1958-1959. With a "smoothed out model" of t he  ex terna l  
zone of radiat ion,  t h e  AT f i e l d  a t  - 4 R, proved t o  be -1OOy, while a t  

it was +3y. Here it w a s  assumed t h a t  e l ec t ron  dens i ty  a t  t h e  outer  
zone maximum was 5 electron*cm-3 With a model of t h e  outer  rad ia t ion  
zone with a s teeper  f ron t  f o r  t he  dens i ty  r ise on t h e  i n t e r n a l  s ide  of 
t he  zone turned toward t h e  Earth, t h e  AT of t h e  zone a t  - 4 R, reaches 
- 2 5 0 ~ .  

The r e s u l t s  of Section 3 w i l l  'be e a s i e r  t o  discuss ,  if the  above 
information i s  supplemented by t h e  f ea tu res  of outer  zone morphology and 
the  dynamics of t h e  outer  zone i n  a magnetically aCtive period ( R e f .  25, 
26). 

A t  present,  more and more corroboration i s  being provided f o r  the  
view t h a t  t h e  protons and e lec t rons  forming t h e  outer  r ad ia t ion  zone /352 
have diffused inward i n t o  the  magnetosphere from i t s  boundaries. 

The i n t e n s i t y  of t h e  s o f t  e lec t rons  of.t h e  outer  zone displays a 
pos i t ive  cor re la t ion  with t h e  index of magnetic a c t i v i t y .  Their inten
s i t y  during t h e  i n i t i a l  storm 2p ase r i s e s  by a f a c t o r  of up t o  100, show
ing grea te r  increase a t  large values of L. With s m a l l  L values, t h i s  
increase i n  in t ens i ty  i s  observed f o r  large values of K

P 
. 

The intensi- ty  of t h e  high-energy 1.6 Mev e lec t rons  decreases i n  t h e  
i n i t i a l  period of t h e  storm. For severa l  days a f t e r  t h e  i n i t i a l  storm 
phase, t h i s  i n t e n s i t y  increases,  f i rs t  a t  L = 5 and then a t  s m a l l  values 
of L, while t h e  increasing in t ens i ty  f ron t  apparently s h i f t s  i n t o  the  
i n t e r i o r  of t h e  magnetosphere a t  a rate of - 0.02 %=day-'. The in t ens i ty  

476 


8 



of t h e  low-energy e lec t rons  i s  thus reduced ( R e f .  14, 31)-

A t  dis tances  cS<5 Re, t he re  i s  no percept ible  dependence of e lec
t rons  on 1oca.l t i m e .  A t  g rea t  dis tances ,  such a dependence i s  r a the r  
noticeable.  On t h e  nocturnal  side,  the  50-kev e lec t ron  boundary on t h e  
average i s  a t  L = 7-8 Re, while on t h e  morning s ide  it i s  located at  
L = 10-11Re (Ref. 25). It has been found t h a t  during t h e  i n i t i & l  phase 
of a magnetic storm the.  ex te rna l  boundary of t h e  50-kev e lec t ron  zone 
approaches t h e  Earth. During t h e  recovery phase, it retreats from t h e  
Earth 

5 .-Discussion- of Ekperimental Results~ .-

Section 3 of t h i s  a r t i c l e  examined t h e  r e s u l t s  of magnetic measure
ments i n  t h e  region i n  space which i s  conventionally ca l l ed  t h e  space of 
t h e  outer  r ad ia t ion  zone. In  our study t h e  boundaries chosen were t h e  
regions delimited,  on one hand, by t h e  measurement range of t h e  equip
ment and, on t h e  other,  by t h e  regions where AT = 0 .  

There i s  a t  present s t i l l  no adequate ana lys i s  of t h e  rad ia t ion  
instrument f indings,  so as t o  throw l i g h t  on t h e  nature of t he  regions 
where AT = 0, but  a number of the  l a w s  which they obey permit us t o  
assume,to a c e r t a i n  degree, that  t h i s  boundary of t h e  region under consid
e ra t ion  r e f l e c t s  c e r t a i n  physical  p roper t ies  of t h e  magnetosphere. 

We f e e l  it necessary t o  discuss  t h e  accuracy of t h e  magnetograms i n  
t h i s  region of sgace. It i s  known t h a t  magnetometers on the  s a t e l l i t e s  
("Explorer-l2", Explorer-14") which had flown i n  t h i s  region of space 
f o r  a long t i m e  before t h e  hunching of "Elektron-2" had, i n  pr inc ip le ,  
made it possible  t o  con.duct measurements a t  d is tances  of 3-4 Re. However, 
a s  a r u l e  t h e  magnetic d a t a  obtained during t h e  experiments were published 
f o r  a dis tance no c lose r  than 5 Re, where t h e  AT values are always posi
t i v e  .' 

The group of methodological cont ro l  procedures used i n  the  given 
experiment allow us  t o  assume t h a t  t he  magnetogram e r r o r  i n  t h i s  region 
of space i s  6-8 t i m e s  l e s s  than t h e  m a x i m u m  AT e f f e c t s  measured a t  3-4 Reo 

(a) On t h e  basis of these  estimates,  it may be assumed t h a t  t he  
measured f i e l d  values a t  d is tances  of 3-5 Re were always l e s s  than those 
t o  be expected under t h e  assumption t h a t  a l l  t h e  f i e l d  sources are within 
t h e  Earth - a t  l e a s t  i n  t h e  observational period with t h e  above-described 
positLon of t he  o r b i t  r e l a t i v e  t o  t h e  Sun. These AT f i e l d  deviat ions a t- 3 Re reach 10% of t h e  dipole  f i e l d  a t  these  dis tances .  

. .  

1 	( R e f  ..32) gives two magnetograms obtained during measurements 'by 
"Explorer-14" on t h e  nocturnal  s ide,  where AT values at  d is tances  
of 5-8 Re a r e  negative. 



(b) If t h e  ex te rna l  sources a re  assumed t o  be responsible f o r  t he  
deviat ions observed, it may na tu ra l ly  be assumed t h a t  among the  possible  &-
sources a contr ibut ion t o  t h e  observed magnetic e f f e c t s  may be  made by 
t h e  c loses t  sources: t h e  protons and e lec t rons  of t h e  outer  r ad ia t ion  
zone whose maximum i n t e n s i t y  i s  located a t  d is tances  of 3-4 R, from 
t h e  Earth’s  center .  

From t h e  above survey of t h e  sparse  computations of t h e  magnetic 
e f f e c t s  of trapped rad ia t ion ,  it may be easily seen t h a t  t he  models 
adopted explain t h e  s ign of t he  AT values observed. 

The Chapman-Akasofu model (Ref. 27) gives values which d i f f e r  by 
30-50$ from those obtained by ‘1Elektron-2”. The Hoffmann-Bracken model 
(Ref. 28) ,  which explains  20-30$ of the  observed e f f ec t s ,  is  i n  the  
worst agreement numerically. If it i s  taken i n t o  account t h a t  ne i ther  
t he  f i rs t  nor t h e  second model allows f o r  t h e  d i s t r i b u t i o n  of low-energy
(< 150 kev) protons, about which there  i s  inadequate information, or for 
t he  e lec t ron  component of trapped rad ia t ion ,  then t h e  conformity ‘between 
t h e  calculated magnetic e f f e c t s  of trapped r ad ia t ion  and t h e  observed 
AT values at d is tances  of 3-5 R, may be regarded as su f f i c i en t ly  close.  

Thus, without excluding t h e  p o s s i b i l i t y  t h a t  other  magnetic f i e l d  
sources may a l s o  a f f e c t  these  distances,  we may a t  the  same time conclude 
t h a t ,  during a magnetically quiet  period, it i s  su f f i c i en t  t o a l l o w  for 
t h e  influence of t h e  trapped rad ia t ion  of ou ter  zone protons and elec
t rons  i n  order t o  explain t h e  observed AT values. The annular nature of 
t h e  e f fec t ,  i t s  occurrence a t  a quiet  period, and t h e  character  of i t s  
d i s t r i b u t i o n  with respect  t o  trapped r ad ia t ion  m a x i m u m  a re  other qua l i ta 
t i v e  arguments i n  favor  of t h i s  view. 

(e )  The regions where AT = 0 a r e  convenient indices  of magnetospheric 
dynamics T a r  from i t s  boundaries i n  t h e  regular  f i e l d  region. A s  fo l lows  
from t h e  experimental da ta  described i n  Sections 3 and 4, the  nature of 
t he  change i n  geocentric dis tances  of t h e  AT = 0 regions and of t h e  outer 
boundary of t h e  e lec t ron  zone i s  qui te  similar: t h e  AT = 0 regions and 
t h e  ex terna l  boundary of t h e  e lec t ron  zone (e.g., of - 50-kev e lec t rons)  
a r e  detected a t  shor te r  geocentric dis tances  a s  t he  magnetic a c t i v i t y  %-
index increases  - and, conversely, at longer geocentric dis tances  as the  
%-index decreases. However, t he  boundary of e lec t rons  having - 50 kev 
energy does not coincide with t h e  AT = 0 regions.  Apparently, t he  posi
t i o n  and i n t e n s i t y  of t he  e lec t ron  component a r e  only responsible t o  a 
c e r t a i n  degree f o r  t h e  pos i t ion  of t h e  AT = 0 regions. We have as yet  
been unable t o  determine t o  what degree t h e  AT = 0 regions could be 
explained by t h e  d i s t r i b u t i o n  of t h e  fea tures  of other  trapped rad ia t ion  
components . 

(d) It i s  of i n t e r e s t  t o  determine what causes t h e  v a r i a b i l i t y  of 
t he  AT = 0 regions. Since t h e  above-mentioned annular current models 
indicate  t h e  exis tence of regions where AT = 0, it was natura l  t o  t r y  t o  
discover a connection between t h e  magnetic a c t i v i t y  indices  and the  change 
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i n  "negative magnetic flux" in t ens i ty .  They are proport ional  t o  t h e  
areas del imited by t h e  AT curves and t h e  AT = 0 l i n e  (Figure 4). The 
co r re l a t ion  between va r i a t ions  i n  "negative magnetic f lux"  i n t e n s i t y  
and U-dimensional magnetic a c t i v i t y  should adequately ind ica te  t h e  
change i n  annular current  i n t ens i ty .  No such co r re l a t ion  could be d i s 
covered on t h e  forward revolut ions.  

It i s  very poss ib le  t h a t  "negative magnetic f l u x "  v a r i a b i l i t y  could 
not be not iced every day because of l imited measurement accuracy a t  these  
dis tances .  Bearing i n  mind, however, t h a t  magnetogram accuracy a t  these  
d is tances  i s  - 20y, w e  may conclude t h a t  t hese  changes must 'be small, o r  
otherwise they  could 'be dis t inguished.  Nevertheless, t h e  most d r a s t i c  
changes i n  geocentr ic  d i s tances  R, and l a t i t u d e  cp of AT = 0 regions, 
observed on t h e  forward and reverse  revolut ions on February 13, February 

/354 
20, March 3, and March 23, 1964, (Figure 5) took place during t h e  main 
phases of moderate magnetic per turba t ions  (Figures 6, 7, and 8 give t h e  
magnetograms pe r t a in ing  t o  some of these  events).  It should, therefore ,  
be noted t h a t  t h e  a c t i v i t y  boundary s h i f t  at  low l a t i t u d e s  which i s  
f a m i l i a r  on t h e  Ea,rth during magnetic per turba t ions  (aurorae at low l a t i 
tudes when t h e  per turba t  ions increase i n  in t ens i ty )  w a s  explained 
p rec i se ly  by t h e  annular current  e f f ec t .  

A s  a l ready mentioned, t h e  "negative magnetic f luxes"  on t h e  reverse  
revolut ions are f a i r l y  d e f i n i t e l y  cor re la ted  with t h e  %-indices of mag
n e t i c  a c t i v i t y .  Since t h e  KI?- index va r i a t ions  a r e  i n  excel lent  cor re la 
t i o n  with changes i n  t h e  pos i t i ve  values of AT (Ref 3 3 ) ,  which i n  t u r n  
d isp lay  t h e i r  g rea t e s t  v a r i a b i l i t y  during t h e  i n i t i a l  phase of a storm, 
the  "negative magnetic flux" v a r i a b i l i t y  on t h e  reverse  revolut ions may 
be i n  grea t  measure connected with processes i n  the  boundary region. The 
percept ib le  seasona.1 dependence of geocentric d i s tances  and geographic 
l a t i t u d e s  of t he  AT = 0 regions,  which i s  observed only on the  reverse  
revolutions,  subs t an t i a t e s  t h e  above statements.  

The seasonal  d r i f t  i n  AT = 0 region coordinates on t h e  reverse 
revolut ions may 'be assoc ia ted  with the  s h i f t  i n  t hese  revolut ions from 
the  morning s ide,  a t  t he  beginning of February, t o  the  nocturnal  s ide  a t  
t h e  end of Apri l .  It i s  obvious t h a t  t h e  observed e f f e c t s  could a l s o  be 
manifested during a s h i f t  of t he  d i f f e r e n t l y  deformed magnetosphere rela
t i v e  t o  t h e  o r b i t .  Thus, t h e  change i n  AT = 0 region coordinates i s  
connected both  w i t h  annular current  changes and w i t h  a change i n  t h e  mag
netospheric boundary region. Under d i f f e r e n t  conditions,  o ther  causes 
a r e  more e a s i l y  found, which represent  d i f f e r e n t  aspec ts  of t he  s a m e  
process. 

( e )  A s  a l ready  mentioned, t h e  seasonal pa t t e rn  of AT = 0 coordinates 
on t h e  reverse  revolut ions ccnsists of a decrease i n  the geccerrtric distances and the 
geographic l a t i t udes ,  but similar changes are experienced by the  AT = 0 
regions when t h e  per tur 'bat ion increases .  From February t o  t h e  end of 
April ,  t he  pos i t i on  of t h e  magnetic axis changed i n  r e l a t i o n  t o  t h e  Sun-
Earth l i n e  and, i n  pa r t i cu la r ,  t h e  o r b i t  "shif ted" t o  the  nocturnal  side. 
If t h e  seasonal  dr i f t  i n  AT = 0 coordinates i s  t i e d  i n  with the changes 
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mentioned, then it must be assumed t h a t  t h i s  s h i f t  t o  t h e  nocturnal s ide  
w a s  equivalent t o  an increase i n  the 'ber turba t ion" .  It i s  not yet  c l e a r  
whether t h e  observed e f f e c t s  a r e  r e l a t e d  t o  such f a c t s  a s , . f o r  example, 
t h e  c loser  loca t ion  of t h e  rad ia t ion  zones on t h e  nocturnal s ide ( R e f .  25) 
and the  gre3ter  closeness of t h e  oval  zone boundary of t h e  polar  aurorae 
on the  nocturnal s ide  of Earth (Ref. 34). 

( f )  Attention may a l s o  be d i rec ted  t o  t h e  f a c t  t h a t  t h e  f l a t t e r  shape 
of t he  negative AT curves on t h e  reverse  revolutions,  as compared t o  t h e  
forward revolut ions during t h e  i n i t i a l  per iod of observation (Figure 5), 
agrees with t h e  f l a t t e r  p a t t e r n  of t h e  low-energy e lec t ron  p r o f i l e s  on 
t h e  reverse revolut ions as compared with t h e  forward revolutions (Ref. 25). 
Subsequently, t he  asymmetry of t he  r ad ia t ion  and AT p r o f i l e s  on t h e  noc
t u r n a l  and d iu rna l  sides, which w a s  obvious i n  t h e  beginning, became l e s s  
apparent. 

(g) The la rge  f i e l d  deformations discovered a t  dis tances  of 3.5 Re 
during the  f l i g h t  of t h e  s a t e l l i t e  "Elektron-2" on February 12, February 
20, and March 4, 1964, 'during the  development of po la r  storms and t h e  main 
storm phase again indicate  t h e  spec ia l  a c t i v i t y  of t h i s  magnetosphere 
region during magnetic storms. 

We have already noted t h a t  t h e  absence of information on t h e  subse
quent revolut ions prevents t h e  3.5 Re region from .being examined a t  other  
longitudes during the  main phase of a magnetic storm. This examination 
woulp be decis ive f o r  an understanding of t h e  observed f i e l d  deformation 
and i t s  r o l e  i n  t h e  mechanism of t h e  magnetic storm. For t h e  time being, 
we must d i r e c t  our a t t en t ion  t o  t h e  f a c t  t h a t  g rea te r  and grea te r  f i e l d  
deformations were detected only on t h e  reverse,  h igh- la t i tude  revolutions.  
Another f ea tu re  o f  t h e  observed e f f e c t s  i s  t h e i r  s ign i f i can t ly  l imited /355 
nature i n  space (or t ime).  If, moreover, we consider t h a t  g rea t  f i e l d  
deformations had a l s o  been observed long 'before development of  t h e  magnetic 
storm's main phase (February 12, 1960,.but always during polar  substorms, 
then t h e  simplest procedure i s  t o  conclude t h a t  i n  a l l  t h e  indicated cases 
the  l o c a l  f i e l d  deformations a r e  associated with penetrat ion i n t o  the  
magnetosphere of an "active agent", which i s  also responsible f o r  t h e  polar  
storms detected.  Such a ' 'penetration" i s  apparently a necessary condition 
f o r  development of t h e  main phase, as it i s  known t h a t  t he  bigger t h e  
substorms, t h e  more intense i s  the  main phase of t h e  storm (Ref. 35). 
Further comparisons of t he  magnetic measurements per ta in ing  t o  the  des
cribed e f f e c t s  and of simultaneous r ad ia t ion  measurements may possibly 
enable us t o  def ine t h e  nature of t h e  "act ive agent" more accurately.  

Conelus-

The s a t e l l i t e  "Elektron-2" enabled us t o  make systematic measurements 
of t h e  magnetosphere a t  dis tances  of 3-6 �& i n  t h e  space of -the outer  rad ia t ion  
b e l t .  These measurements ind ica te  t h a t  there  i s  a quiet-day outer  magne
t i c  f i e l d  associated with t h e  protons and e lec t rons  of t he  rad ia t ion  zones. 
This conclusion i s  based on a comparatively l imited period of observation. 
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Further inves t iga t ions  by t h e  s a t e l l i t e  "JUektron-4" a t  other  o r b i t a l  
pos i t ions  r e l a t i v e  t o  t h e  Sun-Earth l i n e  should more accurately def ine 
t o  what degree t h e  observed e f f e c t s  may be associated with t h i s  rad ia t ion  
zone. It a l s o  seems t h a t  t h e  fea tures  of magnetosphere dynamics noted 
far from t h e  magnetosphere boundary region, and t h e  e f f e c t s  observed 
during polar  storms, have a bear ing on uncovering t h e  puzzling mechanism 
of magnetic storm development. 

The authors deem it a pleasant  duty t o  express t h e i r  g ra t i tude  t o  
those who have grea t ly  a s s i s t e d  them i n  analyzing t h e  mater ia l ,  i n  pre
paring t h e  experiment, and i n  carrying it out. 
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STUDY O F  THE EARTH'S MAGNETOSPHERE AT A 
DISTANCE OF 7-11.7 R~ ON THE "ELEKTRON" SATELLITES 

Y e .  G. Yeroshenko 

The s t rength  of t n c  geomagnetic f i e l d  and t h e  plasma rere measured /356
during f l i g h t s  of t h e  f irst  cosmic rockets  ( R e f .  1-3) i n  t h e  outer  magne
tosphere of t h e  Earth and i t s  boundary region. These measurements produced 
t h e  f i r s t  experimental da.ta on t h e  physics of t h e  bounda.ry region of t h e  
ma.gnetosphere, where t h e  s o l a r  wind and corpuscular streasns in t e rac t  with 
t h e  ma,gnetosphere of t h e  Earth.  The most recent  s tudies ,  performed on 
t h e  sa.tel l i t e s  "Explorer-10 ' I ,  "Explorer-12 and "Explorer-l4", presented 
da ta  ( R e f .  3-5) on t h e  topology of t h e  magnetosphere and i t s  boundary 
region on the  nocturnal  and diurna.1 sides a.t pre-equator ia l  l a t i t udes .  
The da.ta. from t hese  experiments confirm t h e  theore t ica , l  premises regard
ing a physical  bounda.ry of t h e  magnetosphere 2nd i t s  asymmetry i n  the  
Eaxth-Sun d i r ec t ion  ( R e f .  6, 7),t h e  exis tence of a t r a n s i t i o n a l  region, 
and t h e  exis tence of a shock f r o n t  ( R e f .  8 ) .  There are s t i l l  i n s u f f i 
c ien t  experimental da.ta. on thc  topology amd morphology of t he  magneto
sphere boundary region a.t t h e  mean and high 1a.ti tudes .  

It i s  a.lso necessary t o  condupt observa,tions during minimum magnetic 
a c t i v i t y ,  when sporadic ma.gneti c  perturba,t ions which a r e  isola.ted i n  time 
can be followed more c lose ly  by a group of ma.gnetic and ra.dia.tion measure
ment s .  

A consideraable por t ion  of t h e  s c i e n t i f i c  program on magnetic and 
ra.dia.tion s tudies  on t h e  "Elektron" s a t e l l i t e s  has been concerned 
with these  problems,. 

The s a . t e l l i t e s  "Elektron-2" and "Elektron-4" ca.rried two, th ree-
component ferroprobe ma.gnetometers . The mea,surement l i m i t s  of t h e  
f i e l d  components on the  f i r s t  ma,gnetometer were f 1200 y, and on t h e  
second magnetometer - k 120 y (Elektron-2") amd * 240 Y (Elektron-4"). 

The present  repor t  presents  r e s u l t s  derived from ma.gnetic mea,sure
ments of t h e  outer  ma,petosphere of t he  Earth a , t  dista,nces of 7-11.7R, 
from 35' S t o  60" S.  The measurements were performed by sens i t i ve  
equipment f o r  2 minutes, or f o r  8 minutes. A spec ia l  device made it 
possible  t o  ca.libra.te t h e  s e n s i t i v i t y  of t he  equipment each hour. A s  
p,rocessing r e s u l t s  have shown, t h e  manometer s e n s i t i v i t y  remained within 
nomina.1 l i m i t s  throughout t h e  e n t i r e  opera.tion of t h e  s a t e l l i t e .  The 
e r r o r  i n  t h e  f i e l d  component measurements (with allowamce f o r  te lemetry 
e r r o r )  d i d  not exceed f 2 Y f o r  t h e  sens i t i ve  equipment. The e r r o r  of 
one rea.ding i n  t h e  sca.1a.r magnitude of t he  t o t a l  vector  Tmea,s, determined 
from th ree  measured components, w a s  no more than f 3 - 4 y .  LEI 

Gra.phic a.vera.ging employing a group of readings may be used t o  
determine the  mean . f i e l d  leve l .  This excludes random telemetry errors; ,  
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Figure 1 

Photo of IC Magnetogram From the  S a t e l l i t e  "Elektron-2" 

the  accuracy w i l l  depend on t h e  number of po in ts  i n  t he  averaging period. 
The systematic absolute e r ro r ,  determined i n  t h i s  wa.y, of t he  modulus 
magnetogram Tmeas does not exceed A 2 Y i n  port ions of t he  sens i t ive  
magnetometer operation. The measurement e r r o r s  given above pe r t a in  t o  

ndata  on the  Elektron-2" s a t e l l i t e .  

Due t o  t h e  satel l i te  ro ta t ion ,  it was possible  t o  cont ro l  t he  change 
i n  t h e  magnetometer eigen zero deviat ion from absolute zero (Ref. 9). All 
of the  da ta  obtained from the  s a t e l l i t e  i r  Elektron-2" from February t o  
June, 1964, have indicated t h a t  t he  d r i f t  of t h e  zero point  of t he  sensi
t i v e  magnetometer w a s  no more than * 5 - 6 y per  month. 

O r b i t  of t h e  "Elektron-2" S a t e l l i t e  and the  
Region of Magnetosphere Exploration 

Figure 1 of t h e  preceding a r t i c l e  (page 465) depic t s  t h e  project ion 
of t he  s a t e l l i t e  o r b i t  i n  a so la r - ec l ip t i c  coordinate system i n  th ree  
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planes.  The d i r e c t i o n  toward t h e  Sun coincides w i t h  t h e  pos i t i ve  d i rec
t i o n  of t h e  qeaxis, t h e  Zne ax i s  d i rec ted  toward t h e  North Pole of t he  
t h e  e c l i p t i c ,  and t h e  Yne axis i s  d i r ec t ed  so t h a t  a right-handed coordi
nate  system i s  formed. Figure 1,a shows t h e  o r b i t  p ro jec t ion  i n  t h e  
e c l i p t i c  plane, and i t s  change from t h e  i n i t i a l  sa te l l i t e  operat ional  
period t o  t h e  f i n a l  per iod.  Figure l ,b  and c shows t h e  o r b i t  p ro jec t ions  
i n  the  meridional plane and t h e  plane which i s  perpendicular t o  it (view 
from t h e  Sun). The i n c l i n a t i o n  of t h e  o r b i t  plane t o  t h e  e c l i p t i c  plane 
i s  about 50°, and t h e  geocentr ic  dis tance of t he  apogee i s  11.67R, 
(Re designates  t h e  rad ius  of t h e  Ear th) .  I 

The o r b i t  pos i t i on  i n  a s o l a r - e c l i p t i c  coordinate system was changed 
s o  thak t h e  apogee sec t ions  were c lose r  t o  t h e  morning side during the  
i n i t i a l  period, and then s h i f t e d  t o  t h e  nocturnal  s ide  of the Earth. A t  
t he  beginning of February, t h e  angle between t h e  normal t o  t h e  o r b i t  / 

plane and the  d i r e c t i o n  toward t h e  Sun w a s  - lO5O. I n  t h e  f i rs t  t e n  
days of April ,  t h i s  angle increased t o  140". Thus, t h e  magnetosphere 
asymmetry i n  t h e  Earth-Sun d i r ec t ion  can be more r ead i ly  detected during 
t h e  i n i t i a l  period than  a t  a la ter  t i m e .  It can be seen from Figure l , a  
t h a t  during t h e  i n i t i a l  period t h e  sa . t e l l i t e  l e f t  t h e  nocturnal  s ide  on 
forward revolut ions and ro t a t ed  on inverse revolut ions t o  t h e  morning-
d iu rna l  side.  LQter on, t h e  forward revolut ions began on t h e  evening s ide,  
and t h e  inverse revolut ions passed t o  t h e  nocturnal  s ide .  

The lower 'boundary of t h e  ma,gnetosphere region which was explored 
w a s  determined by t h e  measurement range of t h e  crude magnetometer and 
extended up t o  geocentric d i s tances  of - 3 Re. Measurements on t h e  
sens i t i ve  magnetometer were performed from approximately 7 Re, and con
t inued up t o  apogee. The readings of t he  three recorders  of both magne
tometers, which represented sinusoida.1 curves due t o  t h e  s a t e l l i t e  ro ta t ion ,  
indicated tha t  t h e  regular  nature  of the f i e l d  d id  not change throughout the 
operat ion of "Elektron-2" a t  d is tances  from 3 t o  11.67 Re. T h i s  ind ica tes  
tha- t  t h e  magnetosphere boundary w a s  located a.bove t h e  s a t e l l i t e  apogee. 

General Na.ture of Magnetometer Information 

Reference da ta  used t o  analyze t h e  f i e l d  a re :  (1)magnetograms of 
s ca l a r  ma.gnitude of t he  t o t a l  vector  Tmeas, ca lcu la ted  according t o  the  
measured va.lues of 3 components - s o l i d  l i n e  i n  Figure 1; (2)  t h e o r e t i - /358
c a l  curves of t h e  t o t a l  vec tor  Tteor, ca lcu la ted  with allowance f o r  48 
coe f f i c i en t s  of Gaussian s e r i e s 1  - dashed curve i n  Figure 1. 

Ma,gnetic daka obtained on 'board t h e  spacecraf t  were a,na,lyzed and 
.~compared with da t a  obtained on E a r t h  pr imari ly  on t h e  basis of t he  curve AT, 

1 	 Calculations were performed on t h e  b a s i s  of a program of f i e l d  synthesis,  . 
formulated by T. L. Vinnikova using coe f f i c i en t s  extrapolated t o  1964 by 
N. P. Ben'kova and L. 0. Tyurmina. 
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Three-Hour Values of AT Based on Data From 
If Elektron-2" a t  Distances of 7-11.7 R, During February-April 

represent ing the  difference between the  measured and ca lcu la ted  values of t he  
sca l a r  f i e l d  quant i ty .  A s  can be seen from Figure 1, t h e  measured values 
of t h e  t o t a l  vec tor  were lower than t h e  t h e o r e t i c a l  values on the  sec t ions  
'between 3 and 5.5 R, on a forward revolution, and between 7.5 and 3 Re on 
a reverse revolut ion.  I n  t h e  remaining por t ion  of t he  o rb i t ,  t he  measured 
values exceeded t h e  t h e o r e t i c a l  values - AT w a s  pos i t i ve .  The curve AT 
had t h e  same pa t t e rn  from revolut ion t o  revolut ion throughout t h e  e n t i r e  
period of t h e  s a t e l l i t e .  

Maximum values of negative AT were observed a t  dis tances  of  - 3 R e ,  
where they reached 100-150 y, which amounted t o  10% of the  dipole f i e l d  a t  
these  dis tances .  The mean pos i t i ve  value of AT changed as a funct ion of 
magnetic a c t i v i t y  between 7 and 70 y, which amounted t o  20 t o  200% of t h e  
dipole  f i e l d  i n  these  sec t ions  of  t he  o r b i t .  

A s  has a l ready been noted, t he  present  a r t i c l e  analyzes the  pos i t i ve  
values of AT observed a t  d is tances  of 7-11.7 R . The v a r i a b i l i t y  of t h e  
outer  magnetosphere during magnetically quie t  says,  and during magnetically 
perturbed days, i s  revealed when t h e  mean values of t h e  value of AT 
and t h e  indices  of magnetic a c t i v i t y  a r e  examined. It i s  a l s o  apparent 

/359 
when the  magnetograms of AT on'board t h e  spacecraf t  and the  magnetograms on 
t h e  Earth a r e  compared during the  corresponding days. 

A c lose co r re l a t ion  i s  revealed by compa,ring t h e  value of AT 
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Figure 3 

Pos i t ive  Values of AT During In t e rna t iona l  Quiet Days 

averaged over three-hour in t e rva l s ,  with t h e  - indices  of magnetic a c t i v i 
t y  throughout t h e  e n t i r e  observat ional  Figure 2 )  : t h e  d i f fe rence  
AT increases  with an increase i n  5. If t h e  regular  por t ion  passing along 
the  poin ts  with a minimum $-index (Figure .2,'b) i s  subtracted from t h e  
group of three-hour values of AT (Figure 2,a) ,  t h i s  co r re l a t ion  becomes 
more apparent (F igwe 2 , c ) .  The regular  port ion of AT decreases smoothly 
within the  l i m i t s  of 8 y during February-April. 

Var i ab i l i t y  of t h e  F ie ld  During Magnetically Quiet Days 

Figure 3 presents  t h e  d i f fe ren t  curves of AT measured during magneti
c a l l y  quiet  days during February-March, 1964. We should f i r s t  of a l l  point  
out t h a t  t h e  magnetograms on board t h e  spacecraft were qui te  s ens i t i ve  t o  
gradations i n  t h e  degree of "quietness", designated by t h e  indices  Q and q .  
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The da ta  presented i n  t h e  Table c l e a r l y  i l l u s t r a k e  t h i s ,  where t h e  mean 
values of AT a re  compared with t h e  quietness indices  and with the  
%-indices.  

A s  can be seen from Figure 3, t h e  changes i n  values of AT follow 
de f in i t e  pa t t e rns  on quie t  days, which i s  p a r t i c u l a r l y  apparent on revo
lu t ions  with t h e  minimum value of t he  $-index. On forward revolutions,  
t h e  value of AT i s  somewhat l a rge r  from 7 Re and approximately up t o  
apogee than it i s  on t h e  t r a j e c t o r y  sect ions from apogee and up t o  
9-8R, on reverse revolut ions.  Thus, on t h e  61st, 62nd, and 63rd revolu
t i o n s  AT f i rs t  amounted t o  15-17Y on t h e  average, and on reverse revolu
t i o n s  - about 5-7Y. This phenomenon occurred on each quie t  day through
out th'e e n t i r e  period of February-April. 

It should be noted t h a t ,  as t h e  s a t e l l i t e  moves along the  o rb i t ,  it 
passes t h e  sec t igns  undeg consideration when t h e  geographical 1a.ti tude 
changes from -35 t o  -55 on forward revolutions,  and from -55" t o  -61" 
on reverse revolut ions.  Thus, t h e  longitude of t h e  point  below the  1360 
s a t e l l i t e  changed within t h e  l i m i t s  of 160". 

On each revolut ion t h e  change i n  AT may be connected with t h e  change 
i n  the  satel l i te  pos i t ion ,  i f  it i s  assumed t h a t  t he  outer source of t he  
magnetic f i e l d ,  causing t h e  change i n  AT, depends on l a t i t u d e  and longitude. 

TABLE 

Rev. Date ATav, 
Index CKp Index =KP 

of According Rev. Date ATav, of According 
No. (1964) y Quiet t o  a 28- No. (1964) y Quiet t o  a 28-

Day Number Day Number 
Scale Scale 

5 2/3-4 14 Q 13 34 3/1-2 16 q 21 

13 2/10-11 18 Q 23 61 3/26-27 10 q 18 
18 2/15-16 24 q 26 62 3/28 10 Q 2 

ig 2/16-17 22 q 39 63 3/28-29 10 Q 21 
22 2/19-20 10 Q 10 91 4/24 7 Q 20 

26 2/23 22 q 40 

If we keep t h e  f a c t  i n  mind t h a t  t h i s  change i n  AT occurs a t  very large /361
distances  from t h e  maximum of  t he  outer  r ad ia t ion  zone, it i s  more plaus
i b l e  t o  connect t h e  observed phenomenon with physical  processes determined 
by t h e  solar wind flowing around t h e  magnetosphere. A s  i s  known, theore
t i c a l  models considering these  phenomena predic t  t h e  dependence of t h e  
observed values of AT on l a t i t u d e  and longitude (Ref. 1 0 ) .  
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Figure 4 

Magnetograms of AT and AH (from Sta t ions  on the  Earth) 
on February Q-13, 1964 

It follows from t h e  t h e o r e t i c a l  ana lys i s  presented i n  (Ref. 10) t h a t  
i n  the  region of the  outer  magnetosphere changes i n  the  observed value 
of AT as a funct ion of l a t i t u d e  exceed by a f a c t o r  of 3-4 the  corres
ponding changes i n  terms of longitude. Based on t h i s  f a c t ,  w e  may assume 
t h a t  t h e  pa t t e rn  of t he  curves of AT may be pr imari ly  explained by a la t i 
tud ina l  e f f e c t  on each revolut ion during quiet  days. However, we must not 
overlook the  f a c t  t h a t  when the  l o c a l  time of the  s a t e l l i t e  changes within 
5 hours t h e  d iu rna l  pa t t e rn  must be indicated by t h e  value of AT, although 
t h i s  e f f e c t  apparently does not exceed 2O-3O$ of AT. I n  addi t ion,  on quie t  
days the re  i s  a gradual decrease i n  the  value of AT - from 15-18 Y a t  t h e  
beginning of February t o  5-7 Y at  the  end of April ,  if the  values of AT 
a re  compared close t o  the  apogee sect ions (see t h e  Table). This i s  corro
borated by t h e  smooth decrease i n  the  regular  port ion of t he  three-hour 
values of AT, which w a s  pointed out above. 

The seasonal pa t t e rn  of AT - i . e . ,  t h e  gradual decrease i n  t h e  value 
of AT from revolut ion t o  revolut ion - i s  probably r e l a t ed  t o  the  change 
i n  t h e  o r b i t a l  pos i t ion  with respect  t o  t h e  pos i t ion  of the  Sun. A s  has 
a l ready been pointed out, throughout t h i s  period the  o r b i t  sh i f t ed  t o  
the  nocturnal,  s ide,  and t h e  apogee port ions receded from t h e  cav i ty  boun
dary from t h e  d iu rna l  s ide  and sh i f t ed  toward t h e  periphery of t h e  noc
t u r n a l  magnetosphere. On qu ie t  days, d i f f e r e n t  f a c t o r s  may cause t h e  
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Figure 5 

Magnetograms 	of AT and &I(From Earth S ta t ions)  on 
February 13-14, 1964 

decrease i n  AT i n  t h i s  s p a t i a l  region: A decrease i n  t h e  e f f e c t  of currents  
i n  the  boundary region due t o  a change i n  t h e  o r b i t a l  geometry i n  space; 
possible  seasonal change i n  i n t e n s i t y  of t h e  currents  themselves, and a 
change i n  t h e  in te rp lane tary  magnetic f i e l d s .  

Var i ab i l i t y  of t h e  Field During Magnetically Perturbed Days 

It w a s  possible  t o  examine t h e  morphology of t h e  magnetosphere change 
on perturbed days i n  the  i n i t i a l  operat ional  period of t he  sa t e l 
l i t e  during two moderate magnetic storms. The magnetograms on board t h e  
s a t e l l i t e  and t h e  magnetograms on Earth were compared f a r  two storms with a 
sudden commencement (SSC) on February 12-13 and February 20-21, 1964, for 
individual  polar  per turbat ions on January 31  and Apri l  8. Since t h e  
horizontal  component i s  t h e  most var iable  element during a storm, magneto-
grams H from s t a t i o n s  on t h e  Earth, from which the  quiet  d iu rna l  va r i a t ion  
was excluded, were compared with data from t h e  spacecraft .  Due t o  t h e  
f a c t  t h a t  t h e  d i r ec t ion  of t h e  perturbed f i e l d  vector (based on da ta  from 
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Figure 6 

Magnetograms of AT and AH (From Earth S ta t ions)  
on February 20-21, 1964 

t h e  spacecraf t )  w a s  not known, it w a s  impossible t o  determine the  a c t u a l  
value of t h e  perturbed f i e l d .  It i s  apparent t h a t  i t s  e f f e c t  w a s  a t  l e a s t  
equal to ,  or greater than, the observed e f f e c t -

...Magnetic Storm on February 12-13 

The sudden commencement of a magnetic storm (SSC)  w a s  noted from data 
on low- and mean-latitude observations on Fe'bruary 12, 1964, a t  6 hours 
6 minutes UT. After t h e  sudden commencement, which was observed a t  sta
t i o n s  on t h e  Earth, t h e  magnetograms on board t h e  spacecraft  (see Figure, 
page 473) indicated a smooth increase i n  AT f o r  approximately 30 minutes 
up t o  a m a x i m u m  value of - 50 y. A t  6 hours 6 minutes UT, on February 12 
a b r i e f ,  short- l ived jump w a s  recorded, which w a s  s i m i l a r  t o  t he  character
i s t i c  SSC signal a t  t h e  s t a t i o n s  on t h e  Earth. The magnetogram on board 
t h e  spacecraf t  d id  not r evea l  t h i s ,  although a t  6 hours 6 minutes UT the re  
w a s  a magnetometer reading. /362 



On t h e  subsequent revolut ion (Figure 4), t h e  increased value of /363
AT, which w a s  c h a r a c t e r i s t i c  f o r  a perturbed day, remained throughout t h e  
e n t i r e  period. Two blurred maxima of AT should be pointed out here.  One 
of these  m a x i m a  corresponded t o  t h e  maximum of pos i t i ve  values for AH at 
low- la t i tud ina l  s t a t i o n s  (about 22-23 hours UT on February 12) - i .e.,  t h e  
i n i t i a l . p h a s e  maximum. The second m a x i "  of AT coincided i n  time with t h e  
development of a polar  sub-storm and t h e  main phase a t  low l a t i t u d e s  a t  
4-6 hours UT on February 13. The termination of t h e  polar  sub-storm and 
a large negative c o i l  of AH (Figure 5) corresponded, j u s t  as i n  t h e  pre
ceeding case, t o  an increased value of AT (on a forward revolu t ion) .  
Beginning a t  21  hours UT, t he re  was a gradual decrease i n  AT i n  t h e  mag
netogram on board t h e  spacecraf t .  

Magnetic Storm on February. 20-21 

A magnetic storm with a sudden commencement (SSC) was observed a t  
11hours 37 minutes UT on February 20, 1964. After t h e  appearance of 
t he  SSC a t  s t a t i o n s  on t h e  Earth, t he re  w a s  an increase i n  AT f o r  
approximately 16 minutes up t o  a value of 50 y (Figure 6) i n  t h e  magneto-
gram on 'board t h e  spacecraf t  (measurements were performed f o r  8 minutes). 
Between 1-5 hours and 16 hours UT, t h e r e  w a s  one increase i n  AT up t o  a 
value of 70 Y. During t h i s  same period (15-16 hours UT) t h e  development 
of a polar  sub-storm w a s  observed (based on da ta  from t h e  College s t a t i o n ) .  
According t o  data from the  spacecraft ,  t h e  development of t h e  main phase /364
of t h i s  storm w a s  characterized by t h e  f a c t  t h a t  pos i t i ve  values of AT 
were observed up t o  5 Re on t h e  reverse  revolution, while i n  a l l  other  
cases pos i t i ve  AT were observed up t o  a d is tance  of  8-7 R, on reverse 
revolutions 

The comparison presented above of data, obtained on board t h e  space
c r a f t  and on t h e  Earth c l a r i f i e s  t h e  following cha rac t e r i s t i c  behavior 
pa t t e rns  of pos i t i ve  AT during a magnetically perturbed period: 

(1)There w a s  no sharp f i e l d  jump i n  t h e  magnetograms on board the  
spacecraf t  when the re  w a s  a sudden commencement of a magnetic storm; 

(2) The increase i n  AT i s  always cor re la ted  i n  time with t h e  develop
ment of t h e  i n i t i a l  phase of t h e  storm and with polar  sub-storms; 

(3) A change i n  AT a t  d is tances  of 7-11.7 during t h e  main phase of 
t h e  storm does not coincide i n  s ign with t h e  change i n  AH on the  Earth at  
low and mean l a t i t u d e s .  This does not cont rad ic t  t h e  assumption t h a t  t h e  
current system causing t h e  main phase i s  far from t h e  apogee sections,  
where t h e  e f f e c t  of t h e  main phase i s  not manifested i n  t h e  magnetograms 
on board t h e  spacecraf t .  
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3line S t ruc ture  of Polar Magnetic Per turbat ion 
Effects  Based on S a t e l l i t e  Data 

Two aspec ts  of t he  formation and development of a polar  ma,gnetic 
per turba t ion  are usua l ly  inves t iga ted :  (1)The in t rus ion  of p a r t i c l e s  
i n t o  t h e  upper atmospheric layers ;  (2) t h e  formation of a polar  iono
sphere current  system, which i n d i r e c t l y  causes magnetic per turba t ion  
( R e f .  11). In  t h i s  connection, it i s  of grea t  i n t e r e s t  t o  analyze 
ind iv idua l  po lar  per turba t ions  and t h e i r  appearance i n  t h e  outer  magne
tosphere based on sa te l l i t e  observations.  

During c e r t a h  polar  per turbat ions,  magnetograms on board t h e  satel
l i t e s  reported a sharp and short- l ived decrease i n  t h e  pos i t i ve  d i f fe rence  
AT. A s a t e l l i t e  magnetogram recorded a negative t f co i l ”  of AT which l a s t e d- 1.5 minutes with an amplitude of 50 Y (Figure 7) a t  17 hours 50 minutes 
UT on January 31. This c o i l  coincided i n  t i m e ,  bu t  not  i n  durat ion with 
t h e  negative c o i l  of &Iat  a network of North Pole observator ies .  When 
t h i s  phenomenon w a s  compared with v i s u a l  observations of t h e  aurorae p o l a r i s  
a t  a network of Soviet  s t a t ions ,  it w a s  found t h a t  a t  18 hours UT t h e  
aurora w a s  centered e i t h e r  at those s t a t ions  where it had not appeared 
before, o r  a t  o ther  s t a t i o n s  - t he  change from quie t  forms of a homogene
ous type a r c  t o  mobile, ray- l ike  forms. 

On January 31, a s a t e l l i t e  magnetogram recorded one case of a 
decrease i n  t h e  p o s i t i v e  value of AT, corresponding i n  t i m e  t o  the 

’ negative polar  c o i l  AH a t  11hours 30 minutes UT. However, t h i s  pheno
menon w a s  recorded on a crude instrument, and due t o  t h e  l a rge  amount 
of e r r o r  it was d i f f i c u l t  t o  determine t h e  sharp f r o n t s  of t h e  c o i l  of 
AT or am accurate  value of t h e  amplitude. When t h i s  case i s  compared with 
da ta  from visua.1 observations of aurorae p o l a r i s  a t  c e r t a i n  s t a t ions ,  t h e  
appearance of aurorae w a s  a l s o  observed c lose  t o  t h i s  t i m e .  A simila,r 
phenomenon i n  t h e  form of a sharp negative peak AT = 40 y, l a s t i n g  5-8 
minutes, was recorded on a s a t e l l i t e  magnetogram during a polar  magnetic 
perturbakion on Apr i l  8, on t h e  background of an increased value (which 
was normal f o r  a perturbed day) of pos i t i ve  AT. 

AI-ong with t h i s ,  s eve ra l  cases occurred when, during t h e  development 
of s i m i l a r  po la r  per turbat ions,  a sa te l l i t e  magnet0gra.m a l s o  recorded a. 
c h a r a c t e r i s t i c  smooth increase i n  AT, and no negative c o i l s  of AT. 

The morphological features of t h e  negative c o i l s  of AT exa.mined /365
here (on s a t e l l i t e  ma,gnetograms) suggest t h a t  such phenomena apparently 
have a r a t h e r  sharp s p a t i a l  l imi t a t ion .  The spat ia l - t ime nature  of 
these devia t ions  i n  AT may be r e l a t e d  t o  t h e  diamagnetic e f f e c t  of a, 
plasma penet ra t ing  t h e  inner  regions of t h e  magnetosphere. 
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Figure 7 

Magnetograms of AT and AH (From Earth S ta t ions)  
From January 31-February 1, 1964 

In te rsec t ions  of t he  Magnetosphere Boundary 
According t o  Observations on "Elektron-4" 

A s  has a l ready been indicated,  t h e  magnetic da ta  from t h e  s a t e l l i t e  
"Elektron-2 'I e stabl i shed  t h e  f a c t  t h a t  t h e  magnetosphere boundary i s  
located above t h e  satel l i te  apogee. This result coincides with the  
asymmetrical model of t h e  magnetosphere whose f a r t h e r  boundary i s  located 
on t h e  nocturnal s ide.  ' 

The a.pogee port ions of t h e  "Elektron-4'' o r b i t  (rA= 11.4 %) reached 
t h e  d iu rna l  s ide  during t h e  i n i t i a l  operat ional  period ( Ju ly  10-22, 1964), 
as can be seen from Figure 8. "Elektron-4" magnetograms per ta in ing  t o  a 
magnetically quie t  period also revealed t h e  regular  nature  of t h e  f i e l d ,  
which indica,tes t h a t  during t h i s  period t h e  magnetosphere boundary w a s  above 
11.4 Re. However, during a magnetic storm on J u l y  17-20, 1964, t h e  i n t e r 
sec t ion  of t h e  magnetosphere boundary was es tab l i shed  by magnetograms on 
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Figure 8 

Orb i t a l  Posi t ion of nElektron-4n During t h e  
I n i t i a l  Operational Period 

"Elekt ron -4 ". 
The time a t  which the  ma.gnetosphere 'boundary w a s  in te rsec ted  w a s  /366 

establ ished by t h e  per turbat ion of t he  regular  nature of t h e  f i e l d .  The 
nonregular nature  of t h e  f i e l d  w a s  pr imari ly  manifested by t h e  f a c t  t h a t  
t h e  s inusoida l  nature  of t h e  readings from a l l  th ree  manometer recorders 
w a s  disturbed. This indicated a rapid and nonregular change i n  t h e  d i r 
ec t ion  of t h e  f i e l d .  The amplitude of t h e  sca l a r  value of t h e  f i e l d  
vector a l s o  changed i r r egu la r ly  from 8 t o  35 y. Several consecutive 
measurements when t h e  magnetosphere boundary w a s  in te rsec ted  pointed t o  
the  f a c t  t h a t  t h e  geocentric dis tance of t h e  magnetosphere boundary changed 
as t h e  degree of magnetic a c t i v i t y  changed during t h e  storm. Figure 9 
shows t h e  apogee sec t ion  of t h e  "Elektron-4" o r b i t  (during Ju ly  17-20). 
There a re  two possible  pos i t ions  of t he  magnetopause here (according t o  
[Ref. 121): The f i r s t  pos i t ion  - f o r  rf = 8 ( r b  i s  t h e  geocentric 
dis tance of t he  magnetosphere boundary a t  t h e  equator from t h e  so l a r  
s ide) ;  t h e  second pos i t ion  - f o r  r b  = 8.55 Re. The following symbols are 
used t o  designate t h e  times a t  which t h e  boundary was in te rsec ted  (based 
on da ta  from "Elektron-4") f o r  d i f f e ren t  days: The s m a l l  c i r c l e s  - Ju ly
17; t h e  crosses  - Ju ly  18; t h e  t r i a n g l e s  - J u l y  19; and t h e  squares -
Ju ly  20. On forwazd revolutions;  t h e  geocentric dis tance of the  magneto
sphere boundary changed from 9.6 Re during t h e  f i r s t  day of t h e  storm t o  
9.3 - on t h e  second day of t h e  storm. It then gradually increased t o  
10.4 a f t e r  t h i s  time. The geocentric dis tance of t h e  magnetopause 
changed within narrower l i m i t s  on reverse revolut ions - from 11.1 R, t o  
11.3 %. A s  can 'be seen from Figure 9, t h i s  migration of t h e  boundary 
c lose ly  coincides w i t h  t h e  t h e o r e t i c a l  model of t h e  magnetosphere cavi ty  
under consideration. 

495 

I 



Zne 
2 3 Xne 9 
I . 1 . -

I Re 

Figure 9 

Change i n  Geocentsic Distance of Magnetosphere 
Boundary During a Storm on Ju ly  17-20, 1964 

(Based on D a t a  F r o m  "Elektron-4") 

Cone l u s i  on 

The following conclusions can be drawn from t h e  comparison of 
s a t e l l i t e  magnetograms of AT (at  dis tances  of 7-11.7Re) with da ta  
derived on Earth. 

1. There i s  a close cor re la t ion  between changes i n  mean values 
of AT at these  di.stances and between changes of t h e  5-index of 
magnetic a c t i v i t y  on t h e  surface of t h e  Earth. 

2. It i s  possible  t o  d is t inguish  t h e  regular  port ion of t h e  f i e l d  
of AT by u t i l i z i n g  t h e  mean value of AT f o r  a group of  qu ie t  days. This 
f i e l d  displayeda smooth decrease within the  limits of 8 Y during February 
-April, 1964. Such a decrease i n  the  f i e l d  may be r e l a t ed  t o  a change i r  
t h e  o r b i t a l  pos i t ion  with respect t o  t h e  Earth-Sun l ine ,  which may be d:L?.c 
t o  a change i n  t h e  influence of t h e  s o l a r  wind and the  interplanetar- ,  
magnetic f i e l d s .  

3. A d iu rna l  va r i a t ion  i n  AT i s  observed a t  each revolut ion during 
a quiet  day within t h e  limits of I 2  y. This va r i a t ion  may be due to 
diverse  deformation of t h e  f i e l d  by t h e  solar wind, i f  t h e  l a t i t u d i n a l  
and longi tudinal  e f f e c t s  of surface currents  on the  magnetosphere boundary 
a r e  kept i n  mind. 

4. During magnetic storms with a sudden commencement, t he  s a t e l l i t e  
ma,gnetograms did not record a sharp change i n  t h e  fLeld; only a smooth 
increase i n  t h e  pos i t ive  value of AT was observed ( f o r  15-20 minutes). 

5. Any magnetic per turbat ion was indicaked i n  the  s a t e l l i t e  magneto-
grams i n  the  form of an increase i n  the  pos i t i ve  value of AT (a t  



distances  of 7-11."Re). These changes i n  AT coincide i n  s ign with t h e  
change i n  AH during t h e  i n i t i a l  phase of t h e  storm a t  low and mean l a t i 
tudes. The increase i n  t h e  durakion of AT on t h e  s a t e l l i t e  corresponds 
t o  the  durat ion of polar  su.-storms and t h e  t i m e  required f o r  t h e  i n i t i a l  
phase t o  develop. 

6. A change i n  AT on t h e  . % t e l l i t ea.t these dis tances  during t h e  
main phase of t h e  storm does no; coincide i n  s ign  with t h e  deviat ion i n  
AH on t h e  Ea,rth a t  low and mean l a t i t udes .  This indicakes t h a t  t h e  
source of t h e  main phase i s  l o c a t d  below these  d is tances  (7-11.7FL). 

7. Along with t h e  large-scale  changes ( i n  time) of pos i t i ve  values 
of AT, during ind iv idua l  po lar  magnetic per turbat ions the re  were short-
l ived  negative deviat ions of AT with sharp f r o n t s  ( f o r  5-15 minutes). 
These phenomena coincided with t h e  appearance and development of t he  
auroraepolar is .  The nature  of these  short- l ived changes i n  AT apparentsly 
has a sharply-defined s p a t i a l  character.  

8. The r e s u l t s  derived from processing magnetic data from "Elektron-2" 
indicated t h a t  t h e  magnetosphere boundary was located above t h e  s a t e l l i t e  
apogee. 

9. A preliminary ana lys i s  of magnetic measurements during t h e  i n i 
t i a l  operat ional  period of "Elektron-4" (at  d is tances  of 8-11.4 s)  shows 
t h a t  a t  l e a s t  during t h e  ma,gnetic storm t h e  s a t e l l i t e  in te rsec ted  the  
magnetosphere boundary on t h e  d iu rna l  s ide.  These r e s u l t s  coincide with 
t h e  asymmetrical model of t h e  magnetosphere. 
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STRUCTURE O F  THE SOLAR COFUXJSCULAR STREAM AND ITS 
INTERACTION WITH THE MAGNrmOSPHERE O F  THE EARTH 

Y u .  D. Kal inin,  E. I. Mogilevskiy 

l.-Wkn determining t h e  manner i n  which t h e  s o l a r  corpuscular stream /368
tramsmits energy t o  t h e  magnetosphere of t h e  .Earth, one must have infor 
mation regarding t h e  corpuscular stream s t ruc tu re  i n  order t o  understand 
t h e  "probe" measurements of t h e  magnetic f i e l d  and the  plasma i n  t h e  
in te rp lane tary  medium and c i rcumter res t r&al  space which were made by 
cosmic rockets  and AES. The number 

CK 4 n p p  > l o r % lholds i n  t h eM $ 


s o l a r  atmosphere ( i n  t h e  active region where a geoeffective corpuscu
lar stream i s  generated), i n  t h e  in te rp lane tary  medium, and i n  a 
large por t ion  of t h e  Ea r th ' s  magnetosphere. This means t h a t  t h e  dyna
mics of t he  plasma. are determined by t h e  f i e l d ,  not only by i t s  
magnitude, but  a l s o  by i t s  s t ruc tu re ,  t h e  geometry of t h e  f i e l d  through
out t h e  e n t i r e  volume,and i t s  poss ib le  changes. 

Observations of pr imar i ly  t h e  magnetic vector,  performed on 
"Mariner-2" and ''IMP-1"and o thers ,  were used as the  bas i s  f o r  two 
a,ssumptions. 

(a) The magnetic f i e l d  (and probably the  plasma) of t h e  corpuscular 
geoeffect ive stream corresponds t o  a stream model cons is t ing  of s eve ra l  
d i sc re t e ,  l a rge-sca le  plasmoids ("M-elements") having an eigen quasi  force-
f r e e  magnetic f i e l d  ' . This stream s t ruc tu re  i s  a d i r e c t  r e s u l t  of 
observed ma.gnetic f i e l d s  on t h e  Sun and of t h e  mechanism by which t h e  
corpuscular stream i s  generated i n  t h e  ac t ive  regions.  

(b)  The e x i s t i n g  schemes f o r  t h e  in t e rac t ion  of t h e  so l a r  corpuscular 
stream with t h e  magnetosphere of t he  E a r t h  must be reconsidered, s ince 
"probe" observations of the  magnetic vector  on t h e  periphery of t he  magneto
sphere and i n  t h e  region c loses t  t o  t h e  Earth ind ica te  t h a t  t he  magnetic 
f i e l d  of t h e  stream plays a s ign i f i can t  r o l e  ( i f  not a decis ive r o l e )  i n  
the  process by which t h e  corpuscular stream a c t s  upon the  magnetosphere. 

2. Measurements of t h e  magnetic f i e l d s  i n  the  ac t ive  regions of t h e  
Sun a.t t h e  l e v e l  of t h e  chromosphere ha.ve shown (Ref. 1, 2) t h a t  between 
t h e  f i e l d  vector  H and the  ve loc i ty  vector  V t h e  following r e l a t ionsh ip  
holds 

N = p ( r )V .  

An analys is  leads t o  t h e  conclusion t h a t  if t h e  parameter 6 equals 

For purposes of brev i ty ,  w e  s h a l l  c a l l  t h i s  a force- f ree  f i e l d .  
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then t h e  f i e l d  i n  t h e  chromosphere has a force- f ree  s t ruc tu re  - i .e.,  
[ ro t  H, H] = 0. Observations, point ing to t h e  v a l i d i t y  of relations!. 
(2), lead to t h e  conclusion t h a t  t he  force- f ree  f i e l d s  i n  t h e  chromo
sphere may be connected by a force tube with t h e  photosphere, wher. 
t he re  i s  pr imari ly  a force  f i e l d .  I so l a t ed  force- f ree  f i e l d s  have s ' c  
been observed, which a r e  not connected with t h e  photosphere f i e l d .  
examination of t h e  mechanism by which corpuscular streams a r e  generaL 
leads to t h e  d i s c r e t e  plasmoids with eigen force-
f r e e  magnetic f i e l d s  can leave t h e  a c t i v e  region. 

We must now c l a r i f y  the  meaning of t h e  term, force-free magnetic 
f ie lds ,which we a r e  employing here and which we s h a l l  continue t o  employ 
i n  t h i s  r epor t .  I n  a l l  cases it i s  assumed t h a t  t h e r e  i s  a, fo rce  magne
t i c  f i e l d  and a current  with a source i n  a s p e c i f i c  l imi ted  volume which 
i s  usual ly  sma.11 ( o r  on a spec i f i c  sur face) .  In  t h e  case of a normal 
chromosphere (coronal) force- f ree  f i e l d ,  t h e  force  source i s  located 
below t h e  photosphere. For an i so la ted  plasmoid with almost i n f i n i t e  
conductivity,  on a spec i f i c  surface a slowly-decreasing current  and a /369
force field, formed previously when t h e  plasmoid f i e l d  broke awa.y from 
the  ac t ive  region f i e l d ,  can be studied'. The force- f ree  magnetic f i e l d  H 
i s  d i r e c t l y  connected with t h i s  fo rce - f i e ld  i n  a l imi ted  volume (surface) ,  
so t h a t  t h e  r e l a t ionsh ip  b o t ,  H,H] = 0 holds i n  t h e  e n t i r e  remaining 
l imi ted  volume of t h e  plasma. The force- f ree  magnetic f i e l d ,  being t h e  
most s t ab le ,  breaks up, thus remaining as a force- f ree  f i e l d .  The 
d i s soc ia t ion  of t he  force- f ree  f i e l d  may be r e l a t e d  t o  both d i s s ipa t ive  
processes (Joule  current  losses ,  e t c . )  and t o  the  formation of convec
t i v e  i n s t a b i l i t i e s ,  as wel l  as to other  types of i n s t a b i l i t i e s .  Thus, 
f o r  t he  case r o t  H =OB, where a = const, t he  f i e l d  i s  unstable  according 
t o  (Ref. 5), and t h e  time required f o r  t h e  i n s t a b i l i t y  t o  develop i s  de
termined by the  r e l a t ionsh ip  

t ~ ~ 3 . 1 0 - ' l l , n ' / ~ H - 1see ,  

where 1, i s  the  c h a r a c t e r i s t i c  dimension of t h e  volume under consideration 
(where the  f i e l d  H i s  a force- f ree  f i e l d ) ;  n - t h e  plasma concentration 

3per em . It can be r ead i ly  seen t h a t  on the  scale  of s o l a r  a c t i v i t y  pheno

mena i n  t h e  ctiromosphere and the  corona, where 

& 3 lo9 - ld' em, n 4 10l1 - 10' emy3, H - 10' - 10 oe, t h e  time required 

fo r  t h e  i n s t a 2 i l i t y  t o  develop to ( i n  t h i s  unfavorable case) i s  on t h e  

order of 3 10 seconds. I n  t h e  in te rp lane tary  medium, to increases  by a t  l e a s t  

two orders of magnitude for M-elements. Thus, i f  t he  c h a r a c t e r i s t i c  time t of  

t he  phenomena we a r e  considering [generation and escape of M-elements i n  the  

chromosphere and t h e  corona (t 6 . lo3 see)  , M-elements of corpuscular streams 

moving from the  Sun t o  the  Earth (t d lo5 - 10" see) ]  i s  smaller than to, 


. .  
i 	We should note t h a t  t he  forma,tion of such separated magnetic f i e l d s ,  

which very f requent ly  a r e  of large ma.gnitude, with plasmoids i s  f r e 
quently observed during chromosphere f l a r e s  (Ref. 3) and 5.n ac t ive  
prominences (Ref. 4). 



.. . ....-. . ..... . . . 

?i t h e  magnetic f i e l d  can ’be approximately regarded as a s ta t ionary ,  
e - f ree  formation. 

3. The over -a l l  macroscopic s t ruc tu re  of t he  corpuscular stream, 
cons is t ing  of ind iv idua l  M-elements, has t h e  following fea tures .  

(a) Each plasmoid with an eigen magnetic f i e l d  i s  an independent 
element of t he  stream, which moves i n  a r a d i a l  d i r ec t ion  and which r e 
t a insangu la r  momentum around t h e  Sun. Therefore, t he  chain of M-elements 
i s  d i s t r i b u t e d  along t h e  isochrone, i .e . ,  t h e  Archimedes s p i r a l  whose 
tamgent i nc l ina t ion  i s  determined by t h e  r a d i a l  ve loc i ty .  The s i ze  of 
each element increases  with time, so  t h a t  t h e  magnetic f i e l d  of t h e  
stream extends i n t o  t h e  surrounding, r a re f i ed  c o l l i s i o n l e s s  plasma, 
pr imari ly  i n  t h e  d i r e c t i o n  of t he  magnetic force  l i n e s  of $he corres
ponding plasma stream at  a ve loc i ty  of V < VA > P-Y 2.5-10 cm-sec-’ . 

A supersonic shock magnetic plunger w i l l  extend ahead of t h e  
M-element boundary and i t s  dimensions can ‘be estimated according t o  
(Ref. 6): 

i j 2mic  ( M A  -I)-,me LZi 

where m i  i s  t h e  mean mass of a stream ion (we have m i  cx 3 / a m ~ ) ;me 
$: t h e  e lec t ron  m a s s ;  Ri= (4r2)-’- ion plasma frequency; MA - Mach -

Alfven number. I n  our case, wehave 6 2< 2.1011 em. ,The exis tence of a 
c o l l i s i o n l e s s  shock wave (and not a magnetic plunger),  going ahead of t he  
corpuscular stream plasma, w a s  discussed i n  t h e  works (Ref. 7, 8) 

(b)  The in t e rp l ane ta ry  medium surrounding t h e  M-elements (a quie t  
so l a r  wind connected w i t h  t he  thermal d i s s ipa t ion  o r  with constant 
expansion of t h e  so l a r  atmosphere) moves i n  a radial  d i r ec t ion  from t h e  
Sun a t  a. ve loc i ty  of 43.1.07 em. see-’< Vr, N 4-6.io7 em-see-’, and 
c a r r i e s  along t h e  ove r -a l l  magnetic f i e l d  of t he  Sun, a.ccording t o  
(Ref. 9). Due t o  t h e  presence of an orthogonal f i e l d  component, i n t e r 
ac t ion  occurs between two magnetized streams moving a t  a r e l a t i v e  
ve loc i ty .  This i n t e r a c t i o n  i s  s i m i l a r  t o  t he  in t e rac t ion  i n  the  problem 
of plasma flow between two c y l i n d r i c a l  w a l l s  i n  a magnetic f i e l d  having 
a f i e l d  component which i s  perpendicular t o  t h e  plasma flow (Ref. 10).  /370
The problem i s  complicated by t h e  f a c t  t h a t  t h e  motion i s  pre-Alfven 
motion c lose  t o  the  moving boundary of t he  M-element, where t h e  f i e l d  i s  
r e l a t i v e l y  la rge  ( H  3 15-20 y ) .  A t  grea,ter dis tances ,  t he  number MA < 2, 

, 	 and on t h e  far periphery it can be g rea t e r  than two. The second compli
ca t ion  arises from t h e  necess i ty  of allowing fo r  conductivity anis t ropy 
( the  Hall curren ts  become important here) .  Gas-hydrodynamic flow w a s  
computed i n  order t o  determine t h e  d i s t r i b u t i o n  of t h e  t ransverse velo
c i t y  component of t h e  surrounding quie t  wind which i s  car r ied  along 
(Ref. 10). The f i n a l  r e s u l t  i s  shown i n  Figure 1, from which it can ’be 
concluded t h a t  t h e  maximum r a d i a l  ve loc i ty  i n  the  plasma medium which i s  
ca r r i ed  along i s  achieved a t  a considerable d is tance  from the  M-elements. 
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There i s  c l e a r  asymmetry i n  the  ve loc i ty  d i s t r i b u t i o n  of t h e  plasma 
ca r r i ed  along, which coincides q u a l i t a t i v e l y  with t h e  r a d i a l  ve loc i ty  
d i s t r i b u t i o n  of t h e  plasma and of t he  magnetic f i e l d ,  according t o  
measurements on "Mariner-2". We should note t h a t  i n  t h e  usua l  model 
of a corpuscular s t r e a m  ( the  so-called f lmagnetic bubble" [Ref. 11-13] 
or t h e  continuous I1  flow of magnetized plasma," [Ref. 14-16]), it i s  
d i f f i c u l t  t o  ob ta in  t h i s  d i s t r i b u t i o n  of t h e  f i e l d  and t h e  plasma 
ve loc i ty .  The k i n e t i c  energy t ransmit ted by t h e  M-element, by means 
of t h e  magnetic f i e l d ,  to t h e  surrounding plasma on t h e  e n t i r e  pa th  
from t h e  Fun t o  the  Earth ( f o r  t x 3.7 days i n  t h e  case of 
Vr x 5.10 cm-sec-l) does not exceed 10% of t h e  M-element energy which 
equals 2 10"~erg.  

( e )  There must apparent ly  be a magnetic f i e l d  which i s  curved along 
-the isochrone throughout t he  e n t i r e  extensive ( i n  the  3 2.1013cm cross  
sect ion)  "peripheral" por t ion  of t he  corpuscular stream, 'beyond the  l i m i t s  
of t he  M-elements. If t h e  model under considerat ion is  va l id ,  t he  d i rec
t i o n  of t h i s  magnetic f i e l d  must correspond t o  t h e  magnetic p o l a r i t y  of 
t h e  M-element sequences. I n  accordance with t h e  present  scheme f o r  
stream generation on the  Sun, the  l a t t e r  r e t a i n  a p o l a r i t y  corresponding 
t o  the  e f f ec t ive  magnetic dipole  p o l a r i t y  of t he  ac t ive  region. Thus, 
throughout t he  e n t i r e  stream periphery, t he  magnetic force  l i n e s  ma.y be 
d i rec ted  e i t h e r  from the  Sun ( i f  the  corpuscular stream i n  the  given 
so la r  cycle (No. 19) has l e f t  t he  ac t ive  region of t he  N-hemisphere), o r  
toward the  Sun ( i f  the, corpuscular stream i s  generated i n  the  S-hemisphere) . 
The s t ruc tu re  of t h e  corpuscular stream f i e l d  w a s  analyzed i n  the  second,/371 
more comprehensive publ icat ion of da.ta on t h e  magnetic vector measure
ments performed on "Mariner-2" during t h e  perturbed period between October 
7 and October 10, 1962 (Ref. 17) (see below). We need only note thak, as 
can be seen from Figure 2, throughout t h e  e n t i r e  i n i t i a l  (from 1-3 hours 
30 minutes - t h e  beginning of information - t o  14 hours 40 minutes -
t he  bounda,ry ahead of t he  magnetic plunger) a,nd extensive peripher
a l  regions (from '7 hours 50 minutes, on October 8, t o  11 hours 20 minutes 
on October 9 - t h e  end of information) the  f i e l d  vector  pro jec t ion  i n  the  
e c l i p t i c  plane wa,s d i rec ted  toward the  Sun, and w a s  d i s t r i b u t e d  along the  
isochrone corresponding t,o (V) - 3.6 - 6.107cm-sec-1- A comparison of 
the  geomagnetic per turba t ion  on October 7-9 with the  ac t ive  regions on 
the  Sun (Ref. 18) showtha t  i n  t h i s  case t h e  corpuscular stream could 
only leave the  ac t ive  region (cpo = 8 ' ~ ,  IO = 258') of t he  Sun i n  the 
northern hemisphere, which corresponds to t h e  force  l i n e  d i r ec t ions  toward 
the  stream periphery with S-N-polarity of M-stream elements. 

Magnetic vector  observations performed on "IMP-l",when it remained 
beyond the  boundary of t h e  magnetosphere and of t h e  shock wave f ron t ,  may 
be used t o  determine the  prolonged ( f o r  severa l  days) re ten t ion  of t he  
magnetic force l i n e  d i r ec t ions  toward the  periphery of t h e  corpuscular 
streams and the  s h i f t  i n  the  f i e l d  d i r ec t ion  (from the  Sun or toward the  
Sun), depending on which hemisphere (N or S) t h e  corpuscular stream 
leaves from. The study (Ref. 19) discovered a d i r e c t  connection between 
the  in te r9 lane tary  f i e l d  and t h e  magnetic f i e l d s  on t h e  Sun, and - based 



Figure 1 

Dis t r ibu t ion  of Main Corpuscular Stream Parameters 
Based on i t s  Transverse Cross Section 

The distamces from t h e  stream axis are given along 
t h e  ho r i zon ta l  and are designated by double c i r c l e s ;  
ro - c h a r a c t e r i s t i c  dimension of t h e  M-element; E -
eas t e rn  sec t ion  of t h e  stream; W - western por t ion  of  
t h e  strea,m; IHI - force- f ree  f i e l d  modulus (1 - non
deformed f i e l d ,  2 - allowance f o r  deformation of t h e  
accompanying plasma) ; MA - Mach-Alfven number (3)  ; 
F/Fm, - r e l a t i v e  force  r e l a t ed  t o  ma,gnetic v i scos i ty  
and formed when t h e  accompanying plasma. i s  c a r r i s d  
away ( 4 ) ;  V/Vm, - r e l a t i v e  r a d i a l  ve loc i ty  of t he  
plasma (5  - calculated,  6 - mean curve f o r  four  cor
puscular streams observed on "Mariner-2") . 

on extensive observat ional  material  compiled over severa l  months - t h e  
authors determined t h e  d i r e c t i o n  of t h e  in te rp lane tary  f i e l d  from t h e  
Sun o r  toward t h e  Sun (along the  isochrone, see Figure 1 i n  [ R e f .  191). 1372 
The length of t i m e  (34 days) during whtch one magnetic f i e l d  d i r ec t ion  
i s  ma.intained i s  determined i n  t h i s  same study by a cross-modulation 
ana lys i s  ( see  Figure 2 [ R e f .  191) of t h e  in te rp lane tary  f i e l d  d i r ec t ion  
with respect  t o  t h e  se lec ted  p o l a r i t y  of t he  magnetic f i e l d s  on the  
Sun. It can be r e a d i l y  seen tha t  t h e  prolonged r e t en t ion  of t he  irrterplane
t a q f i e l d  d i r e c t i o n  does not correspond i n  any wa.y (as t h e  authors 
have v e r i f i e d )  t o  t h e  normal, approximately d a i l y  (and by no means more!) 
p o l a r i t y  s h i f t  of t h e  magnetic f i e l d s  of ac t ive  regions i n  t h e  center  of 
t h e  s o l a r  d i s c .  

W e  inves t iga ted  t h e  magnetic vector d i r ec t ions  i n  t h e  interplaneta , ry  
medium f o r  a l l  13 days encompassed i n  t h e  publ icat ion of magnetic observa
t i o n s  performed on "IMP-1"(more than 3,000 determinations of the ma.gnetic 
vector)  (Ref. 20, 21). Due t o  t h e  low so la r  a c t i v i t y  during these  obser
vat ions (December, 1963-February, 1964), a comparison may be made between 
t h e  predominant d i r ec t ions  of t h e  magnetic f i e l d s ,  according t o  "DIP-1" 
measurements, and t h e  ac t ive  regions i n  the  N- o r  S-hemisphere, which are 
responsible for t h e  so-cal led M - s t r e a m s .  I n  almost a l l  of t hese  cases it 
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Figure 2 

Vectors of t he  Magnetic F ie ld  Observed on "Mariner-2" 

(M - i n  a plane perpendicular t o  t h e  e c l i p t i c ,  E - i n  
t h e  e c l i p t i c  plane; Direct ion toward t h e  Sun on t h e  
r i g h t )  f o r  t h ree  per iods.  
a - October 7, 1962; A - beginning of information, BC 
- assumed shock f ron t ,  DF - intermediate zone, Fl -
boundary of t he  f i rs t  M-element; b - October 7, 1962; 
Fi - boundary of t h e  f irst  M-element, F2- F2 - boundar
ies of t h e  second M-element, F2- & - region of boundary 
force  f i e l d ,  M i  - region above core of M-element, F3 -
'boundary of the  t h i r d  M-element; c - October 9, 1962, 
region of western stream periphery; A - beginning of 
period, &, AIO - c h a r a c t e r i s t i c  changes i n  d i r ec t ion  
of vector  or iented along the  isochrones i n  t he  region. 
of m a x i m u m  r a d i a l  plasma ve loc i ty .  World time. 

may be assumed t h a t  t he  Earth i s  located a t  the  far-removed o r  c lose pe r i 
phery of t he  corpuscular streams. Corroboration i s  thus  provided for t h e  
ru l e  s t a t i n g  t h a t  magnetic force  l i nes  a r e  d i r ec t ed  from t h e  Sun a t  the  
periphery of a corpuscular stream from t h e  N-hemisphere, and from regions 
i n  t h e  S-hemisphere they  a r e  d i rec ted  toward t h e  Sun. This can be seen 
from t h e  d a t a  presented i n  Figure 3. 

It should 'be noted t h a t  a change i n  t h e  opposite d i r ec t ion  of t h e  
force l i n e s  for t h e  stream f i e l d  - whlch would be expected from t h e  
corpuscular stream model of t h e  "expanding bubble" type (Ref. 11-13) -
does not agree with the  observations on "IMP-1". A change i n  d i r ec t ion  
according t o  t h i s  model could not occur more f requent ly  than 0.5 - 1 
days ( f o r  a r a d i a l  stream ve loc i ty  of 400 - 800 km*sec-l), which 
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Figure 3 

Relationship of Controlling Field Vector Angles on "DIP-1" (8 - i n  a Plane Perpendicular t o  t h e  
Ecl ipt ic ,  ql - i n  t he  Ecl ipt ic  Plane) 

8 = Oo, q = 0' - direction toward the  Sun; 8 = O", 
December 19-20, 1963, 
= 180' - direction from t he  Sun; 8 > 0 - toward 

the  North, 8 < 0 - toward the  South. 
21, 1964; A - on the  boundary and within the  magnetosphere, B - i n  the  t r ans i t i ona l  region (between 

Upper se r i e s  - lower se r i e s  - January 20, 

the  ma,gnetosphere 'boundary and the  shock wave front) ,  C - i n  the  interplanetary mzdium, on t h e  per i 
phery of the  corpuscular stream. This notation was used i n  Figures 7-11. 
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Figure 4 

Comparison of Ca.lculated Model f o r  Force-Free 
F ie ld  With Field Component Values HII and HI 

Measured on "Mariner -2 
The r e l a t i v e  dis tances  from the M-element axis 
a r e  p lo t t ed  on t h e  abscissa  ax is ;  r e l a t i v e  values 

. 	 are p lo t t ed  on t h e  ordinate  axis. 
1 - H,,/%(o); 2 - HL/H,I ( ~ ) ;3 - first  element;
4 - second element; 5 - t h i r d  element. 

s t rongly contradicts  t he  observations. For a stream model of t h e  
"continuous flow" type, r eve r sa l  of the  magnetic f i e l d  d i r ec t ion  cannot 
be expected i n  general .  Thus, experimental data on the  per iphera l  
stream region c lose ly  coincide with t h e  stream model which we have con
sidered. A s  has a.lready been indicated (Ref. 22), t h e  e n t i r e  outer  
region (associated with the  motion of M-elements) of a corpuscular stream 
with a r a re f i ed  plasma where t h e  force- f ree  magnetic f i e l d  has a quasi 
cy l ind r i ca l  form with amplitude modulation of t h e  f i e l d  r e f l e c t i n g  the  
closed f i e l d s  of far-removed M-element chains - represents  t he  phenomenon 
which i s  usua l ly  ca l l ed  " the perturbed so la r  wind". 

The f a c t  t h a t  t h e  magnetic f i e l d  on t h e  stream periphery i s  not s i m 
p ly  an extended f i e l d  which i s  connected with t h e  Sun i s  a l s o  shown by 
analyzing the  s t a b i l i t y  of t h i s  type of plasma stream. Close t o  t h e  Sun, 
where the  customary magneto-hydrodynamic a,pproximation is  employed, a 
magnetized corpuscular stream i s  of necess i ty  ag i t a t ed  a t  a dis tance of- 2 - 3Q, as has been shown i n  ( R e f .  2 3 ) .  Far from t h e  Sun, t h e  plasma 
j e t  stream i n  t h e  outer  f i e l d  ( the  ac t ive  region f i e ld )  has of necessi ty  
ro t a ry  i n s t a b i l i t y  ( R e f .  24). However, observations on "Mariner-2" from 
October 7-9, 1962, point  t o  modulation of t h e  f i e l d  vector magnitude and 
d i r ec t ion  on t h e  stream periphery (and not ro ta t ion!  ), which r e f l e c t s  
closed magnetic f i e l d s  of fa.r-removed M-elements. I n  t h i s  case ( a d i r 
ec t  connection between the  s t r e a m  periphery f i e l d  and the  M-elements), 
there  i s  no ro t a ry  i n s t a b i l i t y .  

4. The f i rs t  incomplete publ icat ion (Ref. 25)  of data  derived from 
measurements on ?Iariner-2" of t he  magnetic vector,  f o r  7 hours of 



observations on October 7, 1962, during a 'per turbed period, w a s  used t o  
formulate a s p a t i a l  model of t h e  cen t r a l  sec t ion  of a corpuscular stream 
(Ref. 26). Two s t r u c t u r a l  M-elements of t h e  stream may be distinguished, 
i n  which t h e  magnetic f i e l d  has a force-free nature.  A similar ana lys i s  
based on t h e  more comprehensive publ icat ion of da ta  derived from f i e l d  
and plasma measurements on "Mariner-2" (Ref. 17) has made it possible  
t o  formulate t h e  f i e l d  s t ruc tu re  of individual  M-elements. Allowance 
was thus made f o r  t h e  "nonaxial passage" of "Mariner-2" through t h e  
,arpuscular stream ( R e f .  7 ) .  With t h i s  f a c t  taken i n t o  account, it w a s  
possible  t o  .dis t inguish th ree  sec t ions  i n  which t h e  f i e l d  w a s  recorded 
(from 16 hows  50 minutes t o  20 hours 10 minutes, from 20 hours 20 min
u t e s  t o  23 hours 40 minutes on October 7, 1962, and from 23 hours 50 

h u t e s  on OLtober 7 t o  2 hours 50 minutes on October 8, 1962), where 
t h e  f i e l d  s t ruc tu re  corresponded t o  the  f i e l d  of a force-free toro id .  
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Data presented i n  Figure 4 corroborate t h i s  assumption. The compon
en t s  H,,and HL, reca lcu la ted  f o r  t h e  mean quant i t ies ,  f o r  three plasmoids 
( i n  r e l a t i v e  quan t i t i e s )  were compared with t h e  t h e o r e t i c a l l y  calculated 
quan t i t i e s  of t h e  force-free f i e l d  components. The sa t i s f ac to ry  agreement 
between the  calculated and experimental values of t he  f i e l d  components 
( j u s t  l i k e  t h e  energy c r i t e r i o n  employed f o r  t h i s  purpose i n  [Ref .  261) 
corroborates t h e  f a c t  t h a t  M-elements with force- f ree  magnetic f i e l d s  a r e  
observed i n  the  so l a r  stream. The f i e l d  values a t  t h e  boundary of t h e  M
elements were not taken i n t o  account i n  these  computations because, 
judging from t h e  sharp Eotation of t he  f i e l d  vector (see, f o r  example, t h e  
region F1F2 i n  Figure 2),  t h e r e  must be a force  boundary current  a t  these  
locat ions.  This may a l s o  be ve r i f i ed  by analyzing t h e d e t a i l e d  measure
ments presented i n  (Ref. 25)  of t h e  r a d i a l  ve loc i ty  component of t he  p las 
m a  a t  e ight  energy l e v e l s  of t h e  plasma e l e c t r o s t a t i c  analyzer.  The 
va r i a t ion  i n  t h e  plasma ve loc i ty  recording, which i s  given i n  Figure 11 i n  
( R e f .  2 5 ) ,  during t h e  per turba t ion  examined frcm 14 hours on October 7 t o  
6 hours on October 8 may be employed t o  formulate t h e  r e l a t i v e  "spectrum" 
of  plasma v e l o c i t i e s  (energy) f o r  severa l  moments i n  time. Figure 5 
presents  examples of these  'spectra" f o r  times corresponding t o  per iphera l  
stream regions,  and f o r  a region corresponding t o  t h e  M-element boundayy. 
The appearance of a second m a x i m u m  on the  t'spectrum"curve may serve as an 
indicat ion of t h e  occurrence of a ' 'force current"  i n  t h i s  region. 

The s tudies  (Ref. 7, 8) advanced the  assumption t h a t  t h e  magnetic 
f i e l d  i s  simply a turbulen t  stream f i e l d ,  according t o  measurements on 
"Mariner-2" i n  t h e  zone where it i s  l a rges t .  I n  our opinion, such an 
in t e rp re t a t ion  of measwements on "Mariner-2" encounters severa l  d i f f  i cu l 
t i e s  and cont rad ic t s  t h e  observations. Einploying t h e  concepts of t h e  
i n t e r s t e l l a r  gas turbulence (Ref .  27), which i n  t h e  last  ana lys i s  are app
l i cab le  f o r  t h e  in te rp lane tary  medium, one can determine, f o r  example, t h e  
inner sca le  of turbulence, i.e., t h e  extrsmely s m a l l  c h a r a c t e r i s t i c  s i z e  
of t he  ionized gas under consideration, beyond whose boundaries t h e  motion 
i s  turbulen t .  Einploying t h e  known re lz t ionships  of (Ref. 21), we f i n d  
t h a t  f o r  a concentration of n - 10 em- , a f i e l d  of H -10- oe, a reduced 
magnetic v i scos i ty  of v'm N lo1' em 2 -see-' (as i s  known, t h e  l a rges t  
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Figure 5 

"Spectra" of Radial Plasma Veloc i t ies  Based 
on Measurements on "Mariner-2'' 

The v e l o c i t i e s  ( i n  km-sec'l) and t h e  e lec t ro
s t a t i c  analyzer p o t e n t i a l  values corresponding 
t o  them ( i n  vo l t s )  a r e  p lo t t ed  on t h e  abscissa  
axis; r e l a t i v e  values are p l o t t e d  on t h e  ordi
nate  axis. 
1 - f o r  14 hours, October 7; 2 - f o r  16 hours, 
October 7; 3 - f o r  2 hours, Octo'ber 8; 4 - f o r  
20 hours 1.5 minutes, October 7; 5 - f o r  16 
hours 45 minutes, October 7, 1962. Curves 1-3 
pe r t a in  t o  t h e  stream periphery; 4,5 - t o  t h e  
M-element boundaries where "force currents' 'f  low. 

magnitude of magnetic v i scos i ty  i n  a d i r ec t ion  which i s  pervendicular t o  
t h e  f i e l d  must be chosen), and f o r  a gas ve loc i ty  of - 5-10 cm-sec-', 
t h e  cha rac t e r i s t i c  inner turbulence sca le  i s  3 1013cm. This exceeds by 
almost t h ree  orders  of magnitude the  s i ze  of f i e l d  nonuniformities i n  a 
corpuscular stream, i f  it i s  assumed thah they r e s u l t  from turbulence. 
If a l l  observed changes i n  the  magnetic f i e l d  were r e l a t ed  t o  turbulence, 
then ( i n  t h e  case of develo ed i so t ropic  turbulence) f o r  t h e  charac te r i s 
t i c  funct ional  L = H12 - HI,we would have t o  obtaln a constant quant i ty  
along t h e  measurement t r a j e c t o r y  )LI 'v �? and 6L 0 which determines the  
turbulence i n s t a b i l i t y .  For a force-free f i e l d  sa t i s fy ing  the  condition /375 
j = aH where a = const, t h e  values of L m u s t  everywhere equal zero. An 
estimate, performed f c r  t h e  th ree  M-elements under consideration observed 
by "Marit1er-2~', has shown t h a t  0 6 L < $ 1 1 .  This ind ica t e s  t h a t  t h e  f i e l d  
i s  not tu rbulen t  (because 6L > 0) and i s  s t ab le  on t h e  average, and t h a t  
t h e  parameter a i s  a funct ion of  t h e  coordinates i n  t h e  case of a force-
f ree  f i e l d  structure ' .  The large-scale  s t r u c t u r a l  nature of t h e  magnetic 
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This assumption was formulated i n  computations of a force-free f i e l d  
i n  (Ref. 26) when measurements on "Mariner-2" were analyzed. 



Figure 6 

Connection Between Deviations i n  t h e  Magnetosphere 
Boundary Posi t ions and t h e  Shock Wave Front From 

t h e  Corresponding Mean Posi t ions and t h e  k v e 1  of 
Ge'omagneti c  Perturbat ion 

E - bazed on da ta  per ta in ing  t o  t h e  e n t r a c e  of 
IMP-1 i n t o  t h e  magnetosphere from a tu rbu len t '  

region. ARe ( l i g h t  c i r c l e s )  - deviat ion i n  t h e  
corresponding boundary from i t s  mean pos i t ion  ihdi
cated i n  Figure 28 i n  (Ref. 20), sca le  i n  Earth 
r a d i i  - on t h e  r i g h t ;  % (dark c i r c l e s )  - index of 
geomagnetic per turbat ion,  sca le  i n  u n i t s  
t h e  l e f t .  The number of revolut ions f o r  
from t h e  work (Ref. 20) i s  given below. 

f i e l d  within t h e  l i m i t s  of t h e  M - e l e m e Q t s  by no means excludes t h e  
occurrence of an unstable  f i e l d  i n  t h e  c o l l i s i o n l e s s  plasma of a 
corpuscular stream. The f a c t  must a l s o  be taken i n t o  account t h a t  
within t h e  l i m i t s  of t h e  M-elements, where A = cM/EK > 1 ( i n  t h e  
coordina-te system connected with t h e  M-element), t h e  magnetic f i e l d  
geometry of t h e  M-element i s  a decis ive f a c t o r  i n  t h e  s t a b i l i t y  and 
ove r -a l l  s t ruc tu re  of a plasmoid. Therefore, continuously - recur
r ing  f i e l d  i n s t a b i l i t i e s  pecul ia r  t o  a magnetized, r a re f i ed  plasma 
(Ref. 6) w i l l  appear and w i l l  extend along t h e  f i e l d ,  without chang
ing the  over -a l l  macroscopic s t ruc tu re  pecul ia r  t o  a corpuscular 
stream. I n  pa r t i cu la r ,  t h i s  represents  one approach t o  solving t h e  
problem of t h e  corpuscular stream s t ruc tu re  (based on experimental 
da ta ) ,  where the  measured magnetic f i e l d  vector  i s  t h e  main dec is ive  
parameter. W e  would l i k e  t o  point  out t h a t  i n  a l l  t h e  "probe" mea
surements i n  t h e  in te rp lane tary  medium magnetic measurements providing 
t h e  t o t a l  magnetic vector  at a given point y i e ld  t h e  grea tes t  amount 
of information, whereas only t h e  parameters of pr imari ly  only one r a d i a l  
component a r e  measured f o r  a plasma. These assumptions remain i n  force 
t o  a s ign i f i can t  extent ,  based on an ana lys i s  of measurements on "IMP-1". 

5. It can be concluded from t h e  information presented above 
regarding t h e  s t ruc tu re  of t h e  corpuscular solar stream t h a t  t h e  mag
n e t i c  f i e l d  of a stream, by means of which a port ion of t h e  energy of 

509 

I 



/ 377 


Figure 7 

Field Vectors on "IMP-1" 
Time (world time) i s  given on t h e  hor izonta l  
axes. a - December 20, 1963, t h e  Earth i s  
located i n  a stream from t h e  ac t ive  region i n  
t h e  S-hemisphere of t h e  Sun (region of tangen
t i a l  d iscont inui ty) ;  b - January 21, 1.964,t h e  
Earth i s  located i n  a stream from t h e  ac t ive  
region i n  the  N-hemisphere of t he  Sun (region 
of s ta t ionary  shock wave). Sun i s  on t h e  r i g h t .  

a moving s o l a r  plasma i s  t ransmit ted t o  t h e  magnetosphere, must play a 
s ign i f i can t  r o l e  ( i f  not a dec is ive  r o l e )  i n  the  process by which energy 
i s  t ransmit ted from a so la r  stream t o  t h e  magnetosphere. This group of 
problems w a s  discussed i n  t h e  works ( R e f .  22, 23,29). Unfortunately, 
t h e  extensive l i t e r a t u r e  on the  inkeract ion of a corpuscular stream with 
t h e  Earth 's  magnetosphere does not, a s  a ru le ,  examine t h e  r o l e  of t h e  
in t e rac t ion  of t h e  stream magnetic f i e l d  i n  t h l s  process. This problem 
i s  complicated by t h e  f a c t  t h a t  severa l  phenomena observed by means of 
s a t e l l i t e s  and rockets (a s ta t ionary  shock wave on t h e  d iurna l  side,  non
l i n e a r  phenomena, plasma heating, e t c .  between t h e  shock wave f ron t  and 
t h e  magnetosphere boundary, e tc . )  can be explained both by t h e  flowing of 
a supersonic plasma stream around t h e  Earth, and by "the impact" (or by 
t h e  r e l a t i v e l y  rapid change a t  t h e  magnetosphere boundary) of t h e  magnetic 
f i e l d  against  t he  r a re f i ed  plasma (see, f o r  example, t h e  laboratory s tudies  
(Ref. 30)  on magneto-hydrodynamic pinching and heating of a plasma). 
However, it i s  d i f f i c u l t  ( i f  not impossible) t o  understand t h e  ex i s t ing  
"probe" measurements of t h e  magnetic f i e l d  at the  boundary of t h e  Earth 
and within t h e  magnetosphere, i f  allowance i s  not .made f o r  t he  decis ive 
r o l e  of t h e  magnetic f i e l d  i n  the  so la r  stream - magnetosphere in te rac
t i o n .  This can c l e a r l y  'be seen from t h e  following statements. 
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Figure 8 

Fie ld  Vectors Based on D a t a  From "IMP-1"i n  t h e  
Region Between t h e  Magnetosphere Boundary and t h e  

Shock Wave Front 

T ime  (world t i m e )  i s  p lo t t ed  on t h e  hor izonta l  axes. 
a - December 19, 1963, t h e  Earth is located i n  a 
stream from t h e  ac t ive  region i n  the  S-hemisphere of 
t h e  Sun; b - January 2.1,1964, t h e  Ear th  i s  1oca.ted 
on t h e  periphery of  a. stream from t h e  ac t ive  region 
i n  t h e  N-hemisphere of t h e  Sun (Sun i s  on t h e  r i g h t ) .  

(a) The deviat ions from the  mean pos i t ions  of the observed boundar
i e s  of t h e  magnetosphere and a shock wave f ron t ,  determined on "IMP-1" 
( R e f .  20),can be compared with t h e  index of geomagnetic per turba t ion  Apa t  t imes which are c lose  t o  t h e  s a t e l l i t e  i n t e r sec t ion  of t h e  boundaries 
on t h e  ascending or descending por t ion  of a revolut ion.  This comparison, 
which i s  shown i n  Figure 6, demonstrates t h e  f a c t  t h a t  changes i n  t h e  
magnetosphere boundary coincide with geomagnetic perturbastion, s ince  f o r  
t h e  shock wa.ve f r o n t  pos i t i on  t h e r e  i s  a.n amti-correlat ion (see revolut ions 
No. 5-14) f o r  those azimuths of t h e  s a t e l l i t e  t ra . jectory a x i s  which a r e  
c lose  t o  t h e  average (passing along t h e  isochrone) d i r ec t ion  of t h e  stream 
magnetie f i e l d  i n  t h e  e c l i p t i c  plane. I n  our opinion, t h e  l a t te r  f a c t  
po in ts  t o  t h e  dec is ive  r o l e  of t h e  magnetic f i e l d  of a stream i n  determining 
t h e  pos i t i on  of t he  shock wave f ron t ,  s i n c e - a l l  t h e  remaining pazameters 
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Figure 9 

Field Vectors on "IMP-1"i n  t h e  Region Between t h e  
Magnetosphere Boundary (M) and t h e  Shock Wave Front 

i n  t h e  Magnetosphere (MM') 

Time (world t i m e )  i s  p lo t t ed  along t h e  hor izonta l  axes. 
a - December 20, 1963 (vector lengths m e  reduced four 
times as compared with t h e  vector  length i n  Figure 9,b), 
t h e  Earth i s  located i n  a stream from t h e  ac t ive  region 
i n  t h e  S-hemisphere of t h e  Sun; b - January 21, 1964, 
t h e  Earth i s  located on t h e  periphery of a stream from 
t h e  ac t ive  region i n  t h e  N-hemisphere of t h e  Sun (Sun 
i s  on t h e  r i g h t ) .  

of t h e  in t e rac t ion  process a t  these  azimuths do not have any d i s t i n c t i v e  
f ea tu res  . 

(b) One very cha rac t e r i s t i c  phenomenon can be  observed on "IMP-1" 
magnetograms published f o r  a f e w  geomagnetically perturbed periods 
(Ref. 20): With t h e  approach of t h e  stream magnetic f i e l d  (when the  mag
n e t i c  f i e l d  increases  by a fac tor  of 2-3 i n  t h e  in te rp lane tary  medium) 
a cha rac t e r i s t i c  t angen t i a l  d i scont inui ty  appears, instead of a shock 
wave, and t h e  "turbulent" t r a n s i t i o n a l  zone disappears.  This can be 
c l e a r l y  seen, f o r  example, by comparing t h e  da ta  from "IMP-1"for 
December 20, 1963, and January 21, 1964 (see Figure 7,a and 7,b). It 
can thus be concluded t h a t  during t h e  approach of t h e  stream magnetic 
f i e l d  the re  i s  a pre-Alfven flow around t he  magnetosphere of t he  
Earth. Since t h e  plasma w i l l - n o t  pass through t h e  t angen t i a l  discont in
u i ty ,  t h e  stream magnetic f i e l d  must play a dec is ive  r o l e  i n  t h e  t r ans fe r  
of energy t o  the  magnetosphere. 
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Figure 10 

Fie ld  Vectors Based on Data From 'r7Mp-1" on December 19, 1963 
i n  t h e  In te rp lane tary  Medium (AB), at t h e  Assumed Boundary of a 

Stream (BC), k a v i n g  t h e  Active Region i n  t h e  S-Hemisphere 
of t h e  Sun, Within t h e  Stream (CD) . 

T i m e  (world t i m e )  i s  p lo t t ed  along t h e  horizontals .  Sun i s  on 
t h e  r i g h t .  

( c )  Figures 3 and 8,a and 8,b show t h e  r e l a t ionsh ips  between t h e  /378 
magnetic vector  angles and t h e  AES-Sun l i n e s  ( 8  and cp) based on measure
ments on "IMP-1". These r e l a t ionsh ips  show t h e  dependence of t h e  angles 
i n  t h e  t r a n s i t i o n a l  zone a t  t h e  magnetosphere boundary on t h e  d i r ec t ion  
of t h e  stream magnetic f i e l d  ( t h i s  dependence i s  t r aced  fo r  a l l  t h e  
observat ional  days a t  our d isposa l ) .  

The measured magnetic f i e l d  vectors  over t h e  e n t i r e  magnetogram 
(see Figure 8,a and 8,b) a r e  formulated f o r  two c h a r a c t e r i s t i c  days 
(December 19, 1963 and Jamuary 21, 1964). These days cam be used t o  
compare the  so l a r  phenomena w i t h  t h e  observations far beyond t h e  mag
netospher Isoimdaries, and an opinion can thus  be formulated regarding 
t h e  cont i rxa t ion  of t h e  E a r t h ' s  magnetosphere on t h e  periphery of 
corpuscu1a.r streams leaving t h e  ac t ive  regions of t h e  N- (for January 
20, 1964) and S- ( f o r  December 19-20, 1963) hemispheres. The d i f f e r 
ence between phenomena at t h e  magnetosphere boundary (Figure 9,a a.nd 
9,b), which ind ica t e  t h e  deep penet ra t ion  of t h e  stream f i e ld ,  follows 
from t h i s .  It can thus  be seen t h a t  i n  t h e  t r a n s i t i o n a l  zone and 
close t o  t h e  magnetosphere boundary the re  i s  a c h a r a c t e r i s t i c  ro t a t ion  
of t h e  f i e l d  vector .  This  i s  s i m i l a r  t o  what must be observed when a, 
magnetic plunger moves i n  a magnetized plasma (simple AlfVen r a re fac t ion  
waves, r o t a t i o n a l  d i scont inui ty  and shock waves). A t  t h e  same time 
s inple  contract ion waves a r e  lacking which would have t o  e x i s t  if t h e  
leading stream plasma plays a dec is ive  ro l e .  This  provis ional ,  bu t  
important, conclusion regarding t h e  nature  of i n s t a b i l i t i e s  i n  t h e  
t r a n s i t i o n a l  zone requi res  v e r i f i c a t i o n  by add i t iona l  observat ional  
da t a  on t h e  f i e l d  and plasma i n  a t r a n s i t i o n a l  region, p a r t i c u l a r l y  
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Figure 11 

Magnetogram Recordings on t h e  Earth Showing t h e  
Magnetosphere of t he  Earth Passing Through t h e  Stream Boundary (BC) 

1-3 - data  from t h e  Murmansk Observatory; 4 - var i a t ion  H i n  t h e  
Ieningrad Observatory; 5-7 - t r a c e s  from magnetogram on l l IMF ' - l f ' .  

World time . 
during geomagnetic per turbat ions.  

(d) A t  t h e  present t he re  are a large number of observations of t h e  
ma,gnetic f i e l d  i n  t he  in te rp lane tary  medium and at  the magnetosphere 
boundary, which point  t o  a d i r e c t  cor re la t ion  between f i e l d  var ia t ions  
observed i n  t h e  in te rp lane tary  medium and on t h e  surface of t he  Earth. 
This was establ ished b observations on "Pioneer-5" (Ref. 3l), 
"Explorer-12" (Ref. 323;, I f  Mariner-2" (Ref. 22) and others .  From t h i s  
point  of view, one of t h e  observations of  a, sudden commencement of a geo
magnetic per turba t ion  on December 2, 1963,performed on "IMP-1"a t  P 

distance of - 2*109em ( i . e - ,  far beyond t h e  magnetosphere boundarj Lm 



and f o r  - 3 minutes at  observatories on t h e  Earth, i s  of grea t  i n t e r e s t .  

A n  attempt may be  made, as i s  frequent ly  done, t o  explain t h e  
cor re la t ion  6n  any evegt, with reference t o  rapid f i e l d  changes with 
frequencies of W 3 10 sec- l )  between e x t r a t e r r e s t r i a l  and t e r r e y t r i a l  
f i e l d  var ia t ions  by t h e  propagation of t ransverse hydromagnetic or shock 
waves from t h e  magnetosphere boundary toward t h e  Earth. However, t h e  
simple propagation of hydrodynamic waves toward t h e  Earth can be compli
cated by the  following f ac to r s :  

(a) Due t o  the  decomposition i n s t a b i l i t y  of Alfven waves (Ref .  33) 
* 	 i n  t h e  magnetosphere and beyond i t s  boundaries, t h e  p o s s i b i l i t y  of t o t a l  
agreement (with phase re ten t ion)  between extra-magnetosphere and t e r r e s 
t r i a l  f i e l d  var ia t ions  becomes unlikely; 

(b)  According t o  computations in (Ref. 34), hydromagnetic waves 
can reach the  surface of t h e  Earth only under s t r i c t l y  l imited condi
t ions .  The presence of an Alfven ve loc i ty  maximum i n  t h e  lower magneto
sphere excludes t h e  p o s s i b i l i t y  of t h e  propagation toward the  Earth of 
"slanting" bundles of low-frequency, hydromagnetic waves. 

A comparison of observations of f i e l d  var ia t ions  on "IMP-1"with 
f i e l d  recordings at magnetic observatories provides additional da ta  on 
t h e  agreement between Di-variations and co i l - l i k e  perturbah ions during 
s l i g h t l y  perturbed periods and t h e  f i e l d  change recorded by "IMP-1". 

For example, between 22 hours 18 minutes and 22 hours 42 minutes 
on December 19, 1963, on "7MP-ltr, which w a s  located a t  a d is tance  of 
about 18 Re a t  t h i s  time - i.e., it was ,  f a r  beyond t h e  magnetosphere 
boundaries a,nd t h e k o c k  wave f ron t  - changes i n  t h e  angles 8 and Cp were 
observed (Figure lo), which can be in te rpre ted  a s  t h e  boundary of a 
corpuscular stream passing by "IMP-1". A s  t h i s  las ted  f o r  severa l  
minutes on the  magnetograms of observatories on Earth (Figure ll), sharp 
changes were noted i n  elements of t e r r e s t r i a l  magnetism. (31January 7, 
1964, when "IMP-1"w a s  at a dis tance of about 30 R, - i .e . ,  i n  t h e  i n t e r 
planetary medium - changes i n  t h e  angles 8 and cp on "IMP-1"(and simul
taneous s m a l l  changes i n  the  f i e l d  vector modulus F) c lose ly  coincided 
with changes i n  geomagnetic elements based on data from observatori-es 
on t h e  Earth. 
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Thus, comparisons of "probe" and t e r r e s t r i a l  observations c l e a r l y  
ind ica te  the  decis ive r o l e  played by t h e  stream magnetic f i e l d  i n  t h e  
t r a n s f e r  of per turbat ions t o  t h e  Earth 's  magnetosphere. These compari
sons ind ica te  t h a t  t he re  i s  d i r e c t  agreement between t h e  Di-variations 
of t h e  geomagnetic f i e l d  and the  f i e l d  var ia t ion  beyond t h e  boundaries 
of t h e  Earth 's  magnetosphere. We would l i k e  t o  point  out t h a t  when t h e  
scheme presented i n  ( R e f .  28) f o r  t h e  in t e rac t ion  of t h e  stream magnetic 
f i e l d  with t h e  magnetosphere of t h e  Earth i s  f'urther developed quant i ta
t i ve ly ,  it w i l l  explain both t h e  features  of t h e  stream f i e l d  influence 
indicated above, and t h e  acce lera t ion  (complete or p a r t i a l )  of t h e  plasma 



i n  t h e  upper magnetosphere accompanying geomagnetic var ia t ions .  Allowance 
must thus  be made for t h e  proper t ies  of a strongly-magnetized, co l l i s ion -
l e s s  plasma of t h e  magnetosphere, resolving penetration, and propulsion 
i n  t h e  form of a magnetic plunger of t he  so l a r  stream f i e l d  which i s  out
s ide  of t h e  magnetosphere. 

In  conclusion, t h e  authors would l i k e  t o  express t h e i r  deep apprecia
t i o n  t o  V. I. Afanas'yzva, under whose guidance a grea t  d e a l  of material 
from magnetic observatories on t h e  Earth w a s  u t i l i z e d  i n  t h i s  study, 
and who a l s o  supervised t h e  compilation of i l l u s t r a t i o n s  u t i l i z i n g  these  
data and da ta  from "7MP-l1'. 
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RECO'RTIING CHARGED PARTICLES WITH AN ENERGY OF 0.1-10KEX 
WITH A SPHERICAL ELECTROSTATIC ANAL= 

S. N. Vernov, V. V. Mel'nikov, I. A. Savenko, 
B. I. Savin, and T. I. Pervaya 

The f irst  inves t iga t ions  of low-energy charged p a r t i c l e s  i n  space /.381. 
were made with t h e  simplest  charged-particle t r a p s  (Ref. 1, 2). Subse
quent improvement i n  instrumentation r e su l t ed  in t r a p s  with a spec ia l  
g r id  t o  which i s  applied an a.c. braking p o t e n t i a l  permitt ing such t r a p s  
t o  measure t h e  d i f f e r e n t i a l  energy spectrum ( R e f .  3) . A start  has been 
made on using e l e c t r o s t a t i c  analyzers i n  conjunction with d i f f e r e n t i a l  
t r a p s  t o  analyze t h e  energy spectrum of low-energy p a r t i c l e s  (Ref. 4-8). 
The main element of t h e  analyzer i s  a spher ica l  or cy l ind r i ca l  def lec t ing  
capaci tor  t o  whose p l a t e s  constant voltages a re  delivered. P a r t i c l e s  
whose energy l i e s  i n  a given range can pass through t h e  gap i n  t h i s  type 
of capacitor.  Thus, t h e  f e a s i b i l i t y  of measuring a d i f f e r e n t i a l  spectrum 
i s  impl ic i t  i n  t h e  very design of t h e  e l e c t r o s t a t i c  analyzer. The poten
t i a l s  on t h e  analyzer def lec t ion  p l a t e s ,  i n  cont ras t  t o  those on t r a p  
electrodes,  i s  s ign i f i can t ly  less than t h e  respect ive energy of t h e  p a r t i 
c l e s  t o . b e  analyzed. This makes it possible  t o  reduce t h e  d i f f i c u l t i e s  
associated with designing high-voltage sources. The recording u n i t  of 
t h e  e l e c t r o s t a t i c  analyzer i s  protected against  d i r e c t  sunl ight .  

The present report  discusses  t h e  design and cha rac t e r i s t i c s  of 
spher ica l  e l e c t r o s t a t i c  analyzers, and a l s o  t h e  r e s u l t s  of experiments 
on t h e  s a t e l l i t e s  tkosmos-12n, %0smos-15~', and "Elektron-Zff (Ref. 6, 9). 

Equipment 

Figure 1 shows t h e  analyzer i n s t a l l e d  on "Kosmos-12" and r t K 0 ~ 0 s - 1 5 " .  
"Elektron-2" car r ied  two analyzers of a s i m i l a r  type. 

The de f l ec t ing  capaci tor  p l a t e s  a r e  supplied with symnetrical vo l t 
ages which can be switched on during f l i g h t  i n  accord with a given program. 

The energy & at  t h e  passband maximum i n  t h e  def lec t ing  capaci tor  
geometry shown i n  Figure l i s  l inked with t h e  p l a t e  p o t e n t i a l  d i f fe ren
cia1 by t h e  expression U(v) = 0.4 Eo(ev). 

Following a re  t h e  cha rac t e r i s t i c s  of t h e  ~fKosmos-12t1and "Kosmos-l$ 
analyzers: Luminosity at passband maximum b - 0.7 cm2*sterad,AE/&- 305,

2
geometric f a c t o r  G - 0.1-Gcm -sterad-kev, and minimum recordable cam
bined current s t rength  &in(&)1010~- 1/E, cm-2 *see-1 -kev-l. / 382 

On " K o s ~ o s - ~ ~ ~ 'and ' lK0smos-12~~t h e  analyzer was adjusted f o r  e lec
t rons  or ions of 1-kev energy. A t  one of t h e  commutator pos i t ions  which 
switches t h e  po ten t i a l s  on t h e  spheres, t h e  spheres a re  connected t o  t h e  
frame. To prevent ionospheric thermal ions from enter ing t h e  operational 
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1 

Figure 1 


Cross Section of Spkierical Electrostatic Analyzer 
Used on Satellites "Kosm0s-12~~and ' 1 K ~ ~ m ~ ~ - 1 5 1 1  


Arrows indicate direction of motion of particles

received by analyzer. 


area, the inlet of the analyzer on "Kosmos-15"was covered with a grid 
with a +12v bias relative to the satellite frame. A Faraday cylinder 02 

duralminum fastened to a polished Plexiglas insulator was used as the 
particle collector in the analyzer. The inner surface of the Faraday 
cylinder was ribbed to decrease the outflow of secondary electrons. The 

bottom of the collector is surrounded by the metal shielding sections of 

the instrument. The collector inlet window is covered with two grids;

the nearer one is connected to the instrument housing, and the further 

one is kept at -20v potential relative to the frame. It was experimentally 

verified that -20v potential is adequate to suppress secondary electrons 

from the Faraday cylinder. The grids also attenuate capacitance coupling 

between collector and spheres, to which high-voltages are periodically 

switched on. The current of particles falling onto the collector was 

measured by an electrometric circuit, using the principle of charge accumu

lation on capacitor C 1  during period t and conversion of the accumulated 
charge into a number of pulses (Ref. 10). 

The satellite "Elektron-2" contained an instrument consisting of /383 



E 

Interrogat ion 

-

Figure 2 

Block Diagram of Analyzers of S a t e l l i t e  !'Elektron-2" 

SAF - 0.1-1kev analyzer; SAC - 1-10 kev analyzer; 
CF, CC - high-voltage converter;; ComR, ComC - low
voltage commutators. 

two i d e n t i c a l  spher ica l  analyzers, h a v i n g t h e  same geometry and operating 
on t h e  same p r inc ip l e  as those lon  'kosmos-U1' and " K o s ~ o s - ~ ~ " .Figure 2 
gives t h e  block diagram of t h e  hlektron-2" instrument. The system for 
converting the  accumulated charge i n t o  b inary  code had a logarithmic 
cha rac t e r i s t i c  (Ref. 11). 

The "Elektron-2" analyzers were adjusted t o  p a r t i c l e  energies of 
0.1, 0.2, 0.4, 1.0, 2.5 5.0, and 17 kev. The minimum recordable s t rength  
( isotropy being assumed) w a s  - 1.10 /Eo cm-2.sec'lkev-1, which i n  comparable 
units i s  more than one order of magnitude lower than t h e  s e n s i t i v i t y  
threshold of t h e  analyzer used on t h e  American s a t e l l i t e  "Ekplorer-12" 
(Ref .4). 

Rgsult s 

"KO smo s-12 'I ,  "KO smos-15 (Ref 6, 7 )  

A t  night t h e  charged p a r t i c l e  f luxes of e n e r y  = 1kev i n  t h e  
-AE/E, - 30% range do not general ly  exceed 1.107 em osec-l-kev-le On t h e  

d iu rna l  s ide  of t h e  Earth t h e  e lec t ron  and ion fluxes having an energy 
of 1kev a re  no more than severa l  u n i t s  of 107cm-2.sec-1-kev-1 and a re  
concentrated i n  d e f i n i t e  regions. The observed co l l ec to r  s igna l  i s  
produced ch ief ly  by photoelectrons knocked out of t h e  gr ids  by d i f fuse  
u l t r a v i o l e t ;  it has sloping m a x i m a  which can be explained by t h e  pene
t r a t i o n  of sunl ight  i n t o  t h e  gap between t h e  spheres, and conforms t o  

520 



I 3 8 4  


I I I I Y 
90 105 120 135 150 165 180 -165 -150 -135 

Geographic &Longitude,Degree 
Figure 3 

Region of Elevated I n t e n s i t y  of Electrons Having 1kev Energy i n  t h e  
Area of MaxLmum Southern Isochasm, From " K o s ~ o s - ~ ~ ~ 'and t t K 0 ~ 0 ~ - 1 5 "  

Analyzer Data 
The region of t h e  Earth's shadow i s  shown for 11Kosmos-121t  by 
l i n e s  from upper l e f t  t o  lower r igh t ,  and f o r  " K o s I ~ o s - ~ ~ ~ ~by 
l i n e s  from lower l e f t  t o  upper r igh t .  

3-41 - Tuned t o  e lectrons;  2 - tuned t o  ions - t t K ~ ~ ~ ~ - 1 5 t t ;
t h e  same f o r  " K 0 s m o s - 1 2 ~ ~ ;  Figures by t h e  symbols indicat.e p o t e n t i a l  
differences i n  t h e  storage capacitor.  To convert i n t o  i n t e n s i t y  
i n  u n i t s  of cm-'.sec-l-kev-', these  f igures  must be mul t ip l ied  
by 6-105.Broken l i n e  ind ica tes  pos i t ion  of maximum southern 

isochasm . 
t h e  taper ing angular s e n s i t i v i t y  diagram of t he  analyzer. The shape of t h e  
peaks and t h e  s igna l  l e v e l  between them are  not uniform, which may be a t t r i 
buted t o  t h e  contr ibut ion of t h e  charged p a r t i c l e  streams. 

In  t h e  region south of New Zealand (180 f 30°E, 60-65"s) during every 
f l i g h t  1 tKosmos-12t1  and t t K ~ ~ 0 s - 1 5 "recorded e lec t ron  f luxes  of  1kev energy 
and an i n t e n s i t y  of up to1.2*108cm-"-sec -1 -kev-l. The region where these  
e lec t rons  a re  of elevated i n t e n s i t y  i s  t h e  a rea  of maximum southern 
isochasm (Figure 3). 

_ - - 30 t o  February 20)"Elektron-2" (Period From-January-~ 

Inside t h e  magnetosphere, an extensive s p a t i a l  legion of heightened 
e lec t ron  i n t e n s i t y  with energies from 0.1 t o  10 kev has i e e n  discovered 
outs ide of t h e  trapped e lec t ron  zone of energy 3 150 kev. The region of 
heightened e lec t ron  i n t e n s i t y  w a s  recorded on p r a c t i c a l l y  every revolu
t i o n  both i n  t h e  ascending phase of t h e  t r a j e c t o r y  (around midnight l o c a l  
t i m e )  and in t h e  descending phase ( l o c a l  s a t e l l i t e  time near 7 : O O  a.m.). 
The e lec t ron  f luxes  i n  t h i s  region reached values of -109cm-2*sec-1 -kev-' 
with an energy of 0.2 kev and - 5 ° 1 0 7 ~ m - ~ . ~ e ~ - 1 . k e ~ ' 1  10 kev. Thef o r  
absolute f l u x  values, c i t e d  here and at a l a t e r  point ,  a r e  given with a 
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Figure 4 

In t ens i ty  of Electrons with Ehergies of l k e v  i n  
Descending Phase of 14th Revolution (February 12) 

mean-square e r r o r  of +jO$. The region extends f a r t h e r  f o r  e lec t rons  with 
energies of < 1 k e v  than f o r  those of - 10 kev. A tendency f o r  t h e  elec
t r o n  spectrum t o  sof ten  i s  noted as t h e  Earth i s  l e f t  behind. The elec
t r o n  streams i n  t h e  region, and t h e  s i z e  of t h e  region, undergo subs t an t i a l  
changes with c h a r a c t e r i s t i c  periods on t h e  order of severa l  days, which a re  
pos i t i ve ly  cor re la ted  with geomagnetic a c t i v i t y .  To i l l u s t r a t e ,  Figures 4 
and 5 show analyzer d a t a  i n  the  descending phases of t h e  14th (February 12) /386 
and 19th (February 17) revolution. The analyzer readings have been con
verted i n t o  i n t e n s i t y  of i so t ropic  e lec t ron  flux, and have been corrected 
f o r  t h e  background. The background or iginated from photoelectrons knocked 
out of t h e  g r ids  by d i f fuse  so l a r  u l t r a v i o l e t  rad ia t ion .  Figure 6 gives 
t h e  f luc tua t ions  of t h e  maxi" recorded e lec t ron  i n t e n s i t y  i n  t h e  region 
between January 30 and February 20. The protracted existence - severa l  
days - of t h e  heightened i n t e n s i t y  region ind ica tes  t h a t  t h e  low-energy 
e lec t rons  observed have been trapped i n  t h e  geomagnetic f i e l d .  The same 
f igure  ind ica tes  t h e  boundaries of t h e  elevated i n t e n s i t y  region of e lec
t rons  having 1-10 kev energy reduced t o  t h e  plane of t h e  magnetic equator 
along dipole  force  l i nes .  The boundary chosen w a s  t h e  point at which elec
t r o n  i n t e n s i t y  equalled half  t h e  maximum in t ens i ty  i n  t h e  region. It i s  
evident from Figure 6 t h a t  i n  d ipolar  coordinates t h e  pos i t ion  and exten
s ion  of t h e  region on t h e  nocturnal  s ide  d i f f e r s  from t h e  pos i t ion  and 
extension on the  morning s ide.  The region begins on t h e  nocturnal s ide  at 
L - 3-7, and terminates a t  L - 7-14. The corresponding values of L on t h e  
morning s ide  a r e  5-13 and 12-20. This morning-night asymmetry may indi 
ca te  d i s t o r t i o n  of t h e  Earth's dipole  f i e l d  at  great  d i s tances  on the  
morning s ide.  The region of heightened e lec t ron  s t rength  rgcorded on the  ,,
nocturnal s ide  i s  app.arently an extension of t he  so-called outermost zone . 

During severa l  f l i g h t s ,  i n  t h e  region of t h e  o r b i t a l  apogee sporadic 
r i s e s  were detected i n  e lec t ron  i n t e n s i t y  with energies of,< 1kev. Such 
a rise w a s  f i rs t  recorded i n  the  descending t r a j e c t o r y  phase of t he  14th 
revolution of February 12, and l a s t ed  approximately from 8 hours 20 minutes 
t o  9 hours 20 minutes UT (Figure 4).  It i s  t o  be noted t h a t  at 6 hours 
before t h i s  r ise  t h e  sudden commencement of a magnetic storm had been 
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Figure 5 

I n t e n s i t y  of Electrons of 0.5 kev Energy i n  t h e  
Descending Phase of t h e  19th Revolution (February 17) 

recorded. After de tec t ion  of t h i s  i l l t ens i ty  r i s e ,  t h e  s a t e l l i t e  passed 
through the  previously-mentioned region of low-energy trapped electrons.  
By comparhg t h e  i n t e n s i t y  and extent  of t h e  region on February 11 and 12, 
w e  can see t h a t  they increased a f t e r  t h e  storm of February 12. There 
was an espec ia l ly  severe r i s e  i n  i n t e n s i t y  on the  nocturnal  s ide  (Figure
6). It i s  possible  t h a t  t h e r e  i s  a cor re la t ion  between t h e  appearance of 
t h e  sporadic e lec t ron  stream, extension of t h e  region, and e lec t ron  in t ens i 
t y  there ln .  On February 19 and 20 a sporadic stream of e lec t rons  of 
200 ev energy w a s  a l so  noticed. The f luxes  reached ~ * 1 0 8 - 1 0 9 c m - 2 ~ s e c-1mkev-'. 
The d a t a  fo r  t h e  preceding day show t h a t  t h i s  sporadic stream had ap a ren t 
ly begun as e a r l y  as February 18, but  t h a t  i t s  i n t e n s i t y  w a s  <l8-cm2-sec-lkev- -
Figure 7 shows t h e  f l u x  of February 19. The coordinates of t he  t r a j e c t o r y  /387-ghases, where sporadic f luxes  were recorded, a re  given i n  t h e  Table. 

2/12 56.9 -49O.5 4.2 51-9 -50" 4.7 
2/19 64.6 -53.4 i.1 63 -71.6 4 
2/20 67 -54.8 1.4 68 -61 2 

The Table makes it c i e a r  t h a t  sporoadic streams were recorded at south
ern  geomagnetic l a t i t u d e s  of qgeom< 50 between the  midnight and morning 
meridians at r a d i a l  d i s tances  > 9 Re. The readings of t h e  on-board 
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Figure 6 

Extension of Elevated In t ens i ty  Region and M a x i m u m  Fluxes 
i n  t h e  Region From January 30-February 20 

1 - Electrons of E, = l k e v ;  2 - 205 kev; 3 - 5 kev; 4 
10 kev; 5 - period when the re  w a s  information on analyzer 

operat  ion. 

magnetometer, as we l l  as present concepts of t h e  s t ruc tu re  and dimensions 
of t h e  magnetosphere, ind ica te  t h a t  t h e  s a t e l l i t e  "Elektron-2" did not f l y  
beyond t h e  l i m i t s  of t h e  magnetosphere - i .e.,  t h e  sporadic streams were 
detected ins ide  t h e  magnetosphere on force  l i n e s  going toward t h e  nocturnal 
s ide  and remaining the re  during t h e  d a i l y  r o t a t i o n  of t he  Earth. The fluxes 
of pos i t ive  ions with energies from 0.1 t o  10 kev do not, according t o  t h e  
analyzer da ta  aboard "Elektron-2", exceed - 5 lo7 see-' . 
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Figure 7 

Sporadic Electron Stream of 0.2 kev in Region of Orbital 


Apogee on 22nd Revolution of February 19 
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PHYSICAL PICTURE O F  TKE FORMATION OF AN ARTIFICLAL RADIATION ZONE DURING 
THE HIGH-AIZITUDE, AMERICAN THERMONUCLEAR EXPLOSION ON JULY 9, 1962 

Yu. I. Gal'perin 

A s  has a l ready been reported ( R e f .  1, 2),  t h e  s a t e l l i t e  "Kosmos-5" 
empl%yed a device which w a s  designed f o r  measuring s o f t  corpuscular r ad i -

/_388 
a t i o n  i n  the  upper atmosphere t o  record t h e  b u r s t  of Y-radiation far be
yond the  v i s i b i l i t y  l i m i t s  of t h e  explosion region. With allowance f o r  
t h e  a l t i t u d e  of t he  screening layer  6 f o r  Y-radiahion, t h e  radius  of a 
spher ica l  plasma cloud rmin- with the  center  a t  t h e  point  with t h e  
coordinates cpo, ho,  ho, a t  which i t s  boundary would coincide with t h e  
lower boundary of t he  v i s i 3 i l i t y  zone from t h e  s a t e l l i t e  (with t h e  coor
d ina tes  cpc, he, hc) - can be found according t o  the  formulas 

rmin = - (Re  + 110) COS (00- ~ l . )  + (Re + a), 
cos O0 = sin 'po sin 'p, + cos 'po cos 'p, cos (A, -A,) 1 

( 1) 

Re+ 6 
cos p = --; Re - W i u s  of t h e  Earth

Re +hc 

By employing t h e  computed quant i ty  6 = 64 km we obtain rmin NN 770 k m  
f o r  t he  s a t e l l i t e  coordinates, according t o  (Ref. l), and the  explosion 
point ho = 400 km above Johnston Is land (Ref. 3). I n  order t o  i n t e r 
p r e t  t he  bu r s t  of Y-radiation, it i s  very important t o  know whether t he  
cloud expansion radius  of t h e  plasma, r e s u l t i n g  from t h e  explosion,exceeds 
the  quant i ty  rmin - i . e . ,  whether t h e  cloud penetrates  t h e  zone of v i s i 
b i l i t y .  L e t  us examine t h e  experimental da ta  on t h e  plasma cloud diameter 
i n  the  geomagnetic f i e l d .  Such da ta  can be pr imari ly  obtained from obser
vations of a r t i f i c i a l  aurorae po la r i s  accompanying t h e  explosion. 

Photometric observations of the  aurorae p o l a r i s  luminescence i n  t h e  
pre-equator ia l  regions of t he  southern hemisphere (Ref. 3) have shown 
t h a t  immediaLely a f t e r  t he  explosion intense luminescence appeared i n  
t h e  band along t h e  geomagnetic meridian of Johnston Is land with a 
width of %' longitude. This luminescence could be caused by d i r e c t  
exc i t a t ion  by p a r t i c l e s  dispersed from t h e  plasma cloud and absorbed i n  
t h e  atmosphere ah an adjoining point .  Seve;ral f ac to r s  could cause t h i s  
luminescence: as a r e s u l t  of exc i t a t ion  by energet ic  photoelectrons 
formed under t h e  influence of shortwave r ad ia t ion  of t h e  explosion beyond 
the  l i m i t s  of t h e  plasma cloud. It could a l s o  r e s u l t  from discharge i n  
t h e  adjoining region of t he  ionosphere under t h e  influence of t he  e l e c t r i c  
f i e l d  produced i n  t h e  force tube containing an expanded plasma cloud and 
t ransfer red  t o  an adjoining point  due t o  t h e  high electroconduct ivi ty  of 
t h e  upper atmosphere along t h e  f i e l d ,  e t c .  However, i n  a l l  the  mechan
isms t h e  diameter of t he  luminescent region i s  not l e s s  than t h e  cloud 
diameter (although a very i n t e r e s t i n g  f i n e  s t ruc tu re  i s  observed within 
t h e  aurorae p o l a r i s  - fo r  example, narrow rays which a r e  similar t o  the  
na tu ra l  aurorae p o l a r i s ) .  It thus follows t h a t  t h e  plasma cloud radius  
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i n  t h e  ho r i zon ta l  d i r e c t i o n  along t h e  east-west l i n e  does not exceed- 600 km. 

It i s  most important t o  c l a r i f y  t h e  propagation boundary of a 
cloud of charged p a r t i c l e s  moving along t h e  L-envelopes. These d a t a  
were obta,ined by measurements performed on t h e  satel l i tes  11Traak"  

trand Ariel" ( R e f .  3, 4) by analyzing t h e  i n t e n s i t y  d i s t r i b u t i o n  i n  
t h e  rrsecondr'a r t i f i c i a l  zone of r e l a t i v i s t i c  e l ec t rons  injected by 
f i s s i o n  fragments remaining i n  t h e  upper atmosphere i n t o  t h e  explo
s ion  region, af ter  d i s s ipa t ion  of t h e  plasma cloud. Since t h e  lower 
bound3,ry of t h e  a r t i f i c i a l  zone hmin - 200 lan above t h e  Johnston 
Is land penetrated only t o  an a l t i t u d e  of - 1000 km, t h e  lower s p a t i a l  
region could only be occupied by  "recent" @-decays ( R e f .  3, page 64). 
This  made it poss ib le  t o  obta in  d a t a  on t h e  d i s t r i b u t i o n  of f i s s i o n  m 
products during t h e  f i rs t  and second days after t h e  explosion. It 
w a s  found t h a t  t h e  i n t e n s i t y  of t h e  "second" a r t i f i c i a l  zone sharply 
decreased f o r  L > 1.18, s ince  t h e r e  was a wide i n t e n s i t y  maximum 
'between t h e  "secondt' and main zone (Ref. 3 ,4) .  These r e s u l t s  were confirmed 
by measurements on t h e  sa te l l i t e  "Kosmos-5". The envelope L = 1.18 
penetrated t o  an a l t i t u d e  of -700 km above Johnston Is land.  Since 
it would not be expected t h a t  these  p a r t i c l e s  would d r i f t  due t o  
c i r cu la t ion  of t h e  upper atmosphere during t h e  f i r s t  days, the  da t a  
presented above ind ica t e  t h a t  t h e  radius  of t h e  force tube containing 
the  main por t ion  of f i s s i o n  products d i d  not exceed - 300 km above 
Johnston Island, t h e  m a x i m u m  value of L % 1.18 ( R e f .  1;). 

Final ly ,  t h e  work (Ref .  5) published a photograph of t h e  lumines
cent region i n  t h e  upper atmosphere i n  t h e  oxygen l i n e  5577 8 above 
Johnston Is land  t h r e e  minutes after t h e  explosion, taken from a distamce 
of - 1000 km. The pos i t i on  of magnetic force l i n e s  and the  explosion 
poin t  were ind ica ted .  Luminescence l a s t i n g  t h i s  per iod of t i m e  could 
only be caused by p-decays of radioact ive explosion products, and 
consequently t h e  pos i t i on  of t h e  luminescence region r e f l ec t ed  the  
d i f fus ion  of f i s s i o n  products i n  t h e  a.tmosphere. It can be seen i n  
the  photograph tha t  t h e  luminescence continued only i n  a force  tube 
having a. rad ius  of no less than 400 km c lose t o  t h e  explosion poin t .  
These d i r e c t  da.ta t hus  c lose ly  coincide with t h e  conclusions indicated 
a.bove, which were obtained by analyzing t h e  measurements of t h e  "second" 
a r t i f i c i a l  zone. 

Direct  observations thus  show t h a t  t h e  f i n i t e  ra,dius rk of t h e  
plasma cloud d i d  not exceed 600 km, amd possibly even less.  The 
obtained maximum rad ius  of t h e  cloud w a s  less than  t h e  f i n i t e  rad ius  
Rk of t h e  plasma cloud extension i n  a vacuum ( R e f .  6 ) .  This ind ica tes  
considerable energy d i s s i p a t i o n  of t h e  plasma extending i n t o  t h e  iono
sphere close t o  t h e  F-region m a x i m u m .  The ind ica ted  value of rk<rmin 
and, consequently, t h e  cloud as a whole was located below t h e  horizon 
f o r  t h e  s a t e l l i t e  "Kosmos-5". (Therefore, t h e  term "y-glow" w a s  used 
as a metaphor i n  ( R e f .  1) t o  designate  t h e  burst of Y-radiation).  
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Nevertheless, f i s s i o n  products undoubtedly penetrated t o  higher a l t i 
tudes (and l a r g e r  L), s ince  t h e  r ad ia t ion  zone which w a s  formed extended 
no less than  up t o  L - 3.5 - according t o  d a t a  derived from t h e  s a t e l l i t e  
i rKosmos-5" ( R e f .  2) - and no less than  up t o  L - 6.5 - according to da ta  
from t h e  s a t e l l i t e  "Ariel" ( R e f .  4). Figure 1presents  t h e  results 
derived from formulating model d i s t r i b u t i o n s  of t h e  counter recording 
rate on t f K ~ s m ~ ~ - 5 1 1 ,which coincided i n  t h e  lower sec t ions  with measure
ments on "Kosmos-5" and which were extrapolated t o  t h e  equa to r i a l  plane 
based on t h e  following: (a) i n t e n s i t y  measurements i n  the  a r t i f i c i a l  
zone i n  1964 'by means of t h e  satel l i tes  "Elektron-1" and "Elektron-3", 
and (b)  measurements of t h e  ra te  a t  which i n t e n s i t y  decreased ("lifetime") 
on t h e  sa te l l i t es  " ~ s m 0 s - 5 ~ ' ~as w e l l  a.s on "Injun-1" and "Injun-3" 
( R e f .  7), "Explorer-15", a.nd "Relay-1" ( R e f .  8), "Elektron-1" and 
"Elektron-3" ( R e f .  9) ,  and computations (Ref. 3, page 98; Ref. 10). For 
purposes of comparison, t h i s  f i g u r e  presents  t h e  r e s u l t s  derived from 
measuring hard e l ec t rons  of (E  R 4.5 Mev) on t h e  s a t e l l i t e  "Explorer-15" 
( R e f .  8) .  This i s  a low estimate,  s ince it w a s  assumed t h a t  p a r t i c l e  
concentration i n  a fo rce  tube above approximately hin= 500 km i s  con
s t a n t  - i .e . ,  t h e  d i s t r i b u t i o n  i s  i so t rop ic .  

A s  can be shown, t h e  volume U(L)dL of a r ad ia t ion  zone having t h e  
thickness  dL above a certa. in hinis :  

35 6 5u (L)d L  = (4/3nR3 -3 .L .  -fF(16 + +la +F)dL ,  (3) 

where 

Figure 2 shows a graph of t h e  functAon U.(L), toge ther  with t h e  model 
d i s t r i b u t i o n  of t h e  recording r a t e  Nequa f o r  7/9/1962. Figure 2 a l s o  
presgnts  t h e  t o t a l  content of e lec t rons  trapped i n  the  zone nu and 
n = N .Kc, where 1/K i s  t h e  effect iveness-of  t h e  counter f o r  t h e  / 390e ua.
P-specgrum of f i s s i o n  products (K = 2.103pa,rti.cle.cm-2.imp-'y c i s  the  
speed of l i gh t ) ' .  Integra,t ion of t h e  quantity nu over L gives t h e  
t o t a l  amount of e l ec t rons  in jec ted  i n t o  t h e  zone. 

It w a s  found from t h e  in t eg ra t ion  t h a t  approximately one hour a f t e r  
t h e  explosion t h e r e  were - 1.5-1025 e lec t rons  having energies  of > 20 kev 
i n  t h e  a r t i f i c i a l  zone. It w a s  found t h a t  t h i s  amount of e lec t rons  i n  
t h e  zone was due t o  t h e  decomposition a t  t h e  corresponding a . l t i tudes 
(above - 1200 km over Johnston Isla.nd, i . e . ,  wi thin t h e  l i m i t s  of v i s i 
b i l i t y  from t h e  s a t e l l i t e  "KOS~OS-5" )  of fragments from approximately 

. 
~~ 

We have disregarded t h e  possible  sof tening of t h e  f i s s i o n  e l ec t ron  
spectrum with an increase i n  L (Ref. 3 ,  page 7), since measurements 
on t h e  s a . t e l l i t e s  "Elektron-1" and "Elektron-3" ( R e f .  9) showed t h a t  
t h a t  t h e r e  i s  a, very intense e l ec t ron  component having a, na tu ra l  
o r i g i n  i n  t h i s  region, which was not excluded from t h e  r e s u l t s  
( R e f .  3, page 8) .  
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Figure 1 

Recording Rate Distr ibut ion N (imp-see-') of a Geiger Counter on the  
S a t e l l i t e  ' r K ~ ~ m ~ ~ - 5 1 fWith Respect t o  L i n  t h e  Equatoria.1 Plane - Model and 
Measurements (see t e x t )  and Mea,surements on the  Sa . te l l i t es  "Explorer-15" 
a n d  "Elektron-l", Normalized t o  t h e  Same In t ens i ty  of t he  ?-Spectrum of 

Fiss ion 

I - Based on data from (1Kosmos-5" (1962): 1 - mea,suremcnts 
( L  5 1.25) and model (L 2 1-25),  Ju ly  9; 2 and 3 - measure
ments and model on J u l y  10, respectively; 4 and 5 - measure
ments and model on Ju ly  17-19, respectively,  6 and 7 -
measurements amd model on August 12-October 16, respect ively.  

I1 - Based on data. from "Explorer-15": 8 - E > 4.5 MeV, 
January 1, 1963. 

I11 - Based on da.ta from "Elektron-1": 9 - E > 1.1MeV, 
February, 1964. 

- .- 

loz5 f i s s i o x  (Rc-i'. 2) while during t h e  explosion there  were apparently 
about 2.102" f i s s ions  ( R e f .  3, page 25). 

The burst of y-radiation can be measured t o  obta.in the  upper l i m i t  
of t i m e  required f o r  these f i s s i o n  fragments t o  penetrate far beyond t h e  
plasma cloud l i m i t s .  It i s  most important t h a t  f o r  - 3 seconds after 
the  explosion the re  were products of exact ly  - f i s s ions  i n  t he  zone 
of v i s i b i l i t y  from t h e  s a t e l l i t e  ttK~smos-51'(Ref. 2 ) .  The quant i ta t ive  
agreement between da ta  on the  number of injected f i s s i o n  fragments, based 
on measurements of t he  rad ia t ion  zone and  on measurements of t he  burs t  
of "y-glow", f o s t e r s  t he  conclusion t h a t  both of these phenomena - ffy-glow" 
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Figure 2 

Function U(L) and a l s o  Total  Number of Electrons in  
t h e  L-Envelope n(L) U ( L ) .  For purposes of Comparison, 
t h e  Or ig ina l  Model of I n t e n s i t y  Di s t r ibu t ion  i n  t h e  Equa

t o r i a l  Plane Nequa i s  Given 

and t h e  r ad ia t ion  zone - have one and t h e  same cause - decomposition of 
a s m a l l  por t ion  of t h e  radioact ive f i s s i o n  fragments i n  t h e  geomagnetic 
f i e l d ,  beyond t h e  l i m i t s  of  t h e  cloud formed by t h e  explosion. The 
following mechanisms may possibly lead t o  t h e  e j e c t i o n  of paz t i c l e s  be
yond the  cloud l i m i t s  (Ref. 2) (Figure 3 ) .  

A.  The dia,magnetic e j ec t ion  of plasma c l u s t e r s  due t o  t he  in s t a 
b i l i t y  a.t  t h e  plasma-f i e l d  boundary. I n  a c t u a l i t y ,  t h i s  boundary curves 
towa.rd the  f i e l d ,  and cannot therefore  be sta.ble ( R e f .  11). Due t o  t h e  
considera;ble relaxa.t ion and expansion time, t h e  plasma c l u s t e r s  w i l l  be 
addi t iona l ly  e j ec t ed  toward a decrease i n  t h e  geomagnetic f i e l d  - i . e . ,  
upwa.rd, s imi l a r ly  t o  the  processes of diamagnetic e j e c t i o n  of plasma. 
c l u s t e r s  i n  t h e  s o l a r  chromosphere ( R s f .  E); 

B. The f ree  s c a t t e r i n g  i n t o  t h e  magnetosphere of f i s s i o n  fragments 
neutral ized during t h e  i n i t i a l  s tages  of t h e  explosion cloud expansion 
i . e . ,  up t o  t h e  s tage  of " i n e r t i a l  sca t te r ing" .  This mechamism w a s  pos
t u l a t e d  i n  ( R e f .  4) i n  order  t o  explain t h e  bu r s t s  of t h e  recording rate 
f o r  approximately 20 seconds a f t e r  t h e  explosion, which were observed on 
the  sa te l l i t e  "Ariel"; 

C. The f r e e  s c a t t e r i n g  i n t o  t h e  magnetosphere of f i s s i o n  products 

/391 
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Eeutral ized due t o  t h e  recharging of plasma cloud ions with neu t r a l  a.tmos
pheric  p a r t i c l e s .  Since the  number of n e u t r a l  p a r t i c l e s  on t h e  f i s s i o n  
fragment path, and also t h e  degree of ion iza t ion  i n  t h e  atmosphere af ter  
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Figure 3 

Schematic Drawing of F iss ion  Fragment Dis t r ibu t ion  
i n  t h e  Upper Atmosphere A f t e r  an Ekplosion 

1 - explosion point ;  2 - plasma motion; 3 - trapped 
p a r t i c l e  motion; 4 - n e u t r a l  p a r t i c l e  motion; 5 -
l i n e  of t h e  horizon f o r  'lKosm0s-5~'; 6 - erupt ive 
plasma e j ec t ions  . 

t h e  explosion, depends sharply on t h e  ve loc i ty  vector  angle of an ion 
with a vertica.1 (of t hezen i th  angle z), t h e  main por t ion  of recharged 
ions must move close t o  t h e  hor izonta l  plane with respect  t o  t h e  explo
sion point ,  and must have a, c e r t a i n  d i s t r i b u t i o n  with respect  t o  velo
c i t y  vo. 

It must be taken in to  account t h a t  5'-decomposition of each of two 
f i s s i o n  fragments requi res  15 seconds on the  average, and t h e  fragment 
then becomes an ion amd i s  "captured" by t h e  magnetic f i e l d .  A por t ion  
of the  fragments thus descends i n t o  the  dense atmosphere and i s  absorbed, 
which causes an add i t iona l  increase i n  t h e  i n t e n s i t y  of y-ra.diation f o r  /393
10-20 seconds. On t h e  o ther  hand, a c e r t a i n  r e l a t i v e  increase i n  the 
i n t e n s i t y  of Y-radiation must take p lace  f o r  1-2 minutes, due t o  t h e  
s a t e l l i t e  approaching t h e  explosion cloud, and due t o  the  d r i f t  t o  t h e  
w e s t  - toward t h e  s a t e l l i t e  -of ionized fragments captured i n  the  t r a p  
a f t e r  P-decomposition. However, ne i the r  of t hese  phenomena i s  s i g n i f i 
cant f o r  t h e  f i r s t  -200 seconds. By way of an example, Figure 4 com
pares  t h e  observed counter recording rate N on "Kosmos-5" during "Y-glow" 
with t h e  ca lcu la ted  patternF,@t) of y-radiat ion i n t e n s i t y  of  f i s s i o n  
fragments e j ec t ed  a t  t h e  t i m e  to = 9 hours 00 minutes 09.0 seconds UT 
( R e f .  3) with an i d e n t i c a l  ve loc i ty  of vo = 1000 km-sec-l and with a z 
d i s t r fbu t ion  which i s  propor t iona l  t o  B(z) - t h e  Bemporad function, which 
must be c h a r a c t e r i s t i c  f o r  recharged fragments. Consideration w a s  only 

iven t o  t h e  change i n  t h e  d i l u t i o n  f a c t o r  due t o  t h e  cloud expansion 
t h e  f irst  1-5 seconds) and due t o  t h e  relative convergence with t h e  . 
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Figure 4 

Comparison of t he  Calculated Variation i n  I n t e n s i t y  of 
y-Radiation from t h e  Time f o r  Overcharged Fiss ion  Frag
ments With a Velocity of vo = 1000 km-see'' With 

Observations of "y-Glow" on J u l y  9, 1962 

sa te l l i t e  ( f o r  1-2 minutes).  The departure of p a r t i c l e s  from t h e  zone of 
v i s i b i l l t y ,  t h e  p a r t i c l e  d i s t r i b u t i o n  with respect  t o  vo, and t h e  e f f e c t s  
of y-radiat ion s c a t t e r i n g  i n  t h e  atmosphere were ignored. Therefore, a 
comparison of t h e  f i n e  d e t a i l s  i s a r b i t r a r y  t o  a c e r t a i n  extent .  However, 
t h e  q u a l i t a t i v e  nature  of t h e  dependence of Y-radiation i n t e n s i t y  on time 
( the  propor t iona l i ty  of u(&) ,  with t h e  exception of t h e  f i r s t  few seconds 
[Ref .  21) depends very s l i g h t l y  on vo. 

Mechanisms A and B indicated above contr ibute  t o  t h e  e j ec t ion  of 
f i s s i o n  fragments, which may a l s o  make a c e r t a i n  cont r ibu t ion  t o  t h e  
observed i n t e n s i t y .  The 8urora.e p o l a r i s  rays,which are d i r ec t ed  upward 
from t h e  equa to r i a l  region of t h e  explosion force  tube and which are 
r e l a t ed  t o  t h e  pene t ra t ion  of t h e  plasma, have been a c t u a l l y  observed 
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RADIATION RESEARCH ON TKE SATELLITE "KOSMOS-17" 

(S m a r Y )  

P. v. Vakulov 

The AES "Kosmos-17" car r ied  equipment t o  study r ad ia t ion  of t h e  
Ea r th ' s  r ad ia t ion  zones and primary cosmic r ad ia t ion  a t  a l t i t u d e s  up t o  
800 km. The equipment included two s c i n t i l l a t i o n  counters and one gas 
discharge counter. 

One of t he  s c i n t i l l a t i o n  count.ers w a s  located on t h e  outer  frame of 
t h e  s a t e l l i t e  and used two thresholds  t o  record e lec t rons  with energies  
grea te r  than 50 and 180 kev and protons with energies  g rea t e r  than 600 kev. 
Two other  th resholds  were used t o  record only protons with energies  grea te r  
than 5.4 and 8.5 MeV. A second s c i n t i l l a h i o n  counter, and a l s o  a gas 
discharge counter, with a thickness  of about 1 g*cm-2 A1 were located 
under the  frame. 

The da ta  obtained may be divided i n t o  two c lasses :  (1) rad ia t ion  
recorded i n  the  r ad ia t ion  zones, and (2) r ad ia t ion  outs ide of the  rad ia
t i o n  zones (cosmic rays and r ad ia t ion  r e l a t e d  t o  them gene t i ca l ly ) .  

Iarge e l ec t ron  f luxes  produced by t h e  American h igh-a l t i tude  nuclear 
explosion S t a r f i s h  were recorded i n  t h e  inner  r ad ia t ion  zone. The mean 
l i f e t imes  of these  e lec t rons  were determined for d i f f e r e n t  magnetic en
velopes. The absolute  f luxes  of these  e lec t rons ,  as wel l  as t h e  energy 
spectrum of trapped protons and t h e i r  f luxes  i n  t h e  inner  zone, were ob
ta ined  -

The regions i n  space where the  s a t e l l i t e  recorded trapped r ad ia t ion  
were determined. It w a s  found t h a t  these  regions c lose ly  coincide with 
the  regions determined t h e o r e t i c a l l y  by an ana lys i s  of the L,B-maps. 
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RESLTLTS DERIVED FROM STUDYING THE GE(MJ3TRIC POSITION 

AND PARCICLE CQMPOSITIONO F  RADUTION ZONES OF THE 

EARPH BASED ON DATA FROM THE SATELIXTES "ELEKTRON-1" 


AND "ELEI(TR0N-2" 

S .  N. Vernov, A. Y e .  Chudakov, P. V. Vakulov, 
Ye. V- Gorchakov, S. N. Kuznetsov, Yu. I. Logachev, 

A. G o  Nikolayev, E. N. Sos;:;ovets, I. A. Rubinshteyn,
V. G. Stolpovskiy, V. A. El ' tekov 

The a r t i f i c i a l  Earth satel l i tes  ffElektron-l" and "Elektron-2" were /394 
launched on January 30, 1964 on o r b i t s  having t h e  following parameters: 

I t .Elektron-1" "Elektron-2 
(Low) (High)

Apogee Al t i tude  . . . . . . . -7.14 thousand km 68.2 thousand km 

Perigee Al t i tude  . . . a . . . 406 km 460 km 

Period of Rotation . . . . . -2 hours 48 22 hours 30 
Inc l ina t ion  Angle of t h e  miniit, e s minutes 

Orbital Plane . . . . . . . . 6s" 61' 

The o r b i t s  with respect  t o  t h e  Sun were located so tha t  t h e  t i m e  
when t h e  s a t e l l i t e s  passed through t h e  apogee corresponded t o  approxi
mately th ree  hours am l o c a l  t i m e .  The satel l i tes  in te rsec ted  t h e  outer  
.boundary of t h e  r ad ia t ion  zones as they  receded from t h e  Ear th  (forward 
revolut ion)  at a,pproximately midnight, and as they  approached the  Earth 
( reverse  revolut ion)  they  in t e r sec t ed  a t  7-8 hours 1oca.l t i m e .  After 
t h i s  t h e  apogee of t h e  s a t e l l i t e s  sh i f t ed  t o  t h e  evening side: for 
"Elektron-1" a t  a ve loc i ty  of - 8 minutes per  day, and f o r  t!Elektron-2" 
- - 4 minutes per  day. 

Geomagnetic coordina,tes a r e  used i n  Figure 1 t o  show the  regions of 
c i r cumte r re s t r i a l  space i n  which data were obtained on t h e  radia.tion zones. 
I n  s p i t e  of t h e  f a c t  t h a t  t h e  i nc l ina t ion  angle of t h e  o r b i t a l  plane f o r  
bo th  sa te l l i t es  toward t h e  plane of the geographic equator w a s  large (61"), 
during c e r t a i n  revolu t ions  t h e  sa te l l i t e  "Elektron-2" passed through the  
e n t i r e  outer  r ad ia t ion  zone at s m a l l  geomagretic l a t i t u d e s  which d id  not 
exceed 20°. The m a x i m u m  geomagnetic l a t i t u d e s  which the s a t e l l i t e s  
reached on d i f f e r e n t  revolut ions changed between 50-72". The t r a j e c t o r y  
of t h e  sa te l l i t e  "Elektron-2" w a s  d is t inguished by t h e  f a c t  t h a t  t h e  
s a t e l l i t e  flew almost along a l i n e  of constant L on ce r t a in  revolut ions.  
Thus, t he  magnetic f i e l d  s t rength  B changed by approximately a f a c t o r  of 
2-3, which made it poss ib le  t o  obtain t h e  accurate  a l t i t u d i n a l  p a t t e r n  1395 
of trapped rad ia t ion .  I n  addi t ion,  at c e r t a i n  t imes the s a t e l l i t e s  passed 
through t h e  r ad ia t ion  zone region almost simulta,neously, which made it 
possible  t o  study t h e  momentary d i s t r i b u t i o n  of pa.r t ic les  a,long t h e  force  
l i ne .  The exis tence of two s a t e l l i t e s  with such essen',ially d i f f e r e n t  
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Figure 1 

Trajectory of Sa , t e l l i t e s  "Elektron-1" and 
"Elekt ron-2 i n  Geomagnetic Coordinate s 

The revolut ions c loses t  t o  t h e  equator and f a r t h e s t  away from 
t h e  equator a re  shown f o r  each s a t e l l i t e .  

(Number and d i r ec t ion  a re  shown around t h e  s a t e l l i t e . )  (N-above) 

o r b i t s  made it possible  t o  formulate a comprehensive p i c tu re  of t h e  radia
t i o n  zones during the  1-2 days of f l i g h t .  

Several  devices which were s i m i l a r  t o  those employed 
1, 2) were used t o  study t h e  r ad ia t ion  zones on the  

sate llites . 
Figures 2 and 3 show t h e  type of sensors and energy thresholds  f o r  

r e c o d i n g  p a r t i c l e s  from each of t h e  sensors. I n  terms of rad ia t ion  
sensor composition, t h e  equipment on "Elektron-1" and "Elektron-2" was 
completely ident ica l ,  t h e  only difference being t h e  ma.gnitude of t h e  
individual  energy thresholds .  Due t o  t h i s  f a c t ,  it was possible  t o  com
pare t h e  r e s u l t s  obtained a t  d i f f e ren t  po in ts  i n  space, and a t  points  
where the  o r b i t  was intersected,  and .tocont ro l  t h e  operation of equip
ment on both t h e  s a t e l l i t e s  concurrently. Sc in t i l l a t i on ,  gas discharge, 
andsemi-conductor counters were used as sensors. Figure 4 shows a 
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Proton Detectors and Energy Thresholds Above Which 

Protons May be Recorded 


block diagram of the apparatus. All of the gas discharge counters GC 
and the scintillation counter SC were located within the satellites. 
An outer scintillation counter OSC, a scintillation proton detector S D - 1  
and a semi-conductordetector Sa2,were placed outside of the satellite. /397
The SC device and one counter G C - 1  operated constantly, and the re
maining sensors were divided into two groups which were switched on in 
succession by commands from the Earth. 

All of the electronic components contained semi-conductor elements. 
Some of these components were employed previously, and were described 
in the work (Ref. 1). Impulses were accumulated during the time between 
interrogations of the memory device MD on trigger chains. One of these 
chains is shown in Figure 5. One feature of this circuit lies in the 
fact that it has a variable number of preliminary conversion triggers 
i.e., the number of triggers before the first interrogation trigger. 
The number of triggers increases automatically as the impulse recording 
rate increases. This made it possible to considerably expand the range 
of measured recording rates using a small number of binary outputs for 
telemetry (7-8). 

Information on radiation was passed to the memory device. A ce-tain 

amount of information was also obtained by means of the transmitter "Signal". 


The rotational periods of the satellites were - 40 and -120 sec for 
"Elektron-1" and "Elektron-2", respectively. When the results are analyzed, 
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Figure 3 

Electron Detectors and Energy Thresholds Above 
Which Electrons May be Recorded 

we s h a l l  discuss  t h e  d i r e c t i o n a l  i n t e n s i t i e s  of p a r t i c l e s  averaged over 
t h e  time between two memory cycles.  

Ekperimental r e s u l t s .  This repor t  w i l l  pr imari ly  inves t iga te  t h e  
r e s u l t s  obtained on t h e  quiet  s t a t e  of  t he  r ad ia t ion  zones during t h e  
f irst  month of t h e  s a t e l l i t e s '  operation, i.e.,  February, 1964. This /398 
was f a c i l i t a t e d  by t h e  f a c t  t h a t  1964 was a year of minimum so la r  a c t i v i 
ty ,  when the re  were very f e w  happenings on t h e  Sun and when it was 
possible  t o  study t h e  unperturbed state of t h e  zones between these  
happenings. Individual  repor t s  (Ref .  3-5) have presented r e s u l t s  on t h e  
t i m e  changes i n  t h e  i n t e n s i t y  i n  t h e  r ad ia t ion  zones and outs ide of t h e  
zones, as wel l  as da ta  on cosmic rays.  

The ana lys i s  of t h e  e n t i r e  group of data w i l l  include an invest iga
t i o n  of t h e  inner  zone from s m a l l  L t o  L = 2.5, t h e  intermediate region 
from L = 2.5 t o  L = 4.0, and the  outer  r ad ia t ion  zone i n  t h e  case of 
L > 4. The values of L presented here ( the  McIlwain parameter) charac
t e r i z e  t h e  boundaries encompassing t h e  zone of s p a t i a l  d i s t r i b u t i o n  of 
trapped radiat ion,  and a r e  apparently t y p i c a l  f o r  t h e  period of minimum 
so la r  a c t i v i t y .  
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Figure 4 

Block Diagram of Apparatus on t h e  S a t e l l i t e s  
"Elektron-1" and "Elektron-2" 


(VC = voltage converter;  T = t r ansmi t t e r )  


Inner Zone. One unusual fea ture  of t h e  inner zone i s  the  presence 
of protons having energies  up t o  severa l  hundreds of'Mev and, after high-
a l t i t u d e  nuclear explosions, e lec t rons  having energies  of severa l  Mev. 
However, t h e  r e s u l t s  per ta in ing  t o  t h e  a r t i f i c i a l  zones w i l l  not be d i s 
cussed i n  d e t a i l  i n  t h i s  a r t i c l e .  We would only l i k e  t o  note t h a t  t h e  
maximum of t h e  a r t i f i c i a l  zone i n  February, 1964 was located a t  L = 1.35 
and t h e  f l u x  of e lec t rons  having energies of > 2 Mev a t  t h e  maximum 
was - 107cm- '  - see  -1 sterad-'. 

The d i s t r i b u t i o n  of protons having d i f f e r e n t  energies along t h e  
equator (Figure 6) w a s  compiled, u t i l i z i n g  the  counter recordings and 
t h e  parameter of SC-2. The parameter SC-2 (proton energy of > 30 Mev) 
has been processed up t o  L = 2 at  t h e  present time. The curves f o r  
E > 45 and % > 70 Mev were obtained from t h e  readings of t h e  g a s  d i s 
cgarge counte-rs GC-1 and GC-2. The parameter SC-1 w a s  used t o  exclude 
the  recording of quanta of braking rad ia t ion  by these  counters. It w a s  
found t h a t  50% of t h e  recordings f o r  the  counters GC-1 and GC-2 was 
caused by braking r ad ia t ion  of e lectrons.  The curve for % > 110 Mev 
w a s  obtained by readings of  t h e  GC-3 counter. The contr ibut ion of 
braking r ad ia t ion  t o  t h e  reading of t h i s  counter w a s  s m a l l ,  s ince i n  
the  L M 2 region the  main  quanta energy of electron braking radiat ion,  
determined by t h e  parameters SC-0 and SC-1, i s  about 350 kev for 
L = 2, and decreases down t o  100 kev f o r  L = 2.6. The GC-3 counter 
recorded braking r ad ia t ion  of t h i s  energy with very poor ef f ic iency
(< 

The number of e lec t rons  and t h e i r  mean energy sharply increases  f o r  
L < 2. This makes it d i f f i c u l t  t o  analyze t h e  c o m t e r  readings. There
fore ,  t h e  d i f fe rence  curve between GC-1 and GC-2 i s  given f o r  L < 2, 
which per ta ins  t o  protons having energies 'between 45-70 Mev. Actually, 
f o r  a mean quanta energy of braking rad ia t ion  of - 500 kev and above, 
t h e  GC-1 and GC-2 counters w i l l  record these  quanta with approximately 
the  same ef f ic iency .  Consequently, t h e  d i f fe rence  between t h e  counter 
readings can be explained by protons of 45-70 Mev. For purposes of 
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Figure 5 

Diagram of 	Conversion Chain With Variable Number of Triggers 
U p  t o  t h e  F i r s t  In te r roga t ion  Trigger 

comparison, da t a  from "Explorer-15" a re  given i n  t h i s  same f igu re  
(Ref. 6). It can be seen from t h e  f igu re  t h a t  t h e r e  i s  a m a x i "  a t  
L = 1.45, and a plateau a t  approximately L = 2.-2 i n  t h e  d i s t r i b u t i o n  
of protons having high energy. If t h e  i n t e g r a l  spectrum of protons 
i s  represented i n  t h e  form N(> E) - E-Y, then t h e  index Y - and, 
consequently, t h e  hardness of t h e  spectrum - changes with a change i n  

/399 
L. 	 For L = 2 y = 1.8 i n  t he  energy range between 30-45 Mev, and 

Y = 1.25 between 70-110Mev. Ih t h e  case of L = 2.2 Y = 2.5, and i n  

t h e  case of L = 2.4 Y = 4.0. 'The form of t h e  spectrum f o r  L = 2.2 

and L = 2.4 agrees with the  r e s u l t s  of McIlwain (Ref. 7). Tkiere i s  

no divergence f o r  L = 2 up t o  a proton energy of 45 Mev. I n  t h e  

case of Ep > 45 Mev, t h e  proton spectrum fo r  L = 2 becomes harder, 

according t o  our data .  If it i s  assumed'that t h e  GC-3 recording i s  

half  caused by braking r ad ia t ion  quanta, then the  spectrum w i l l  be 

harder. 


The conclusion can be drawn on t h e  basis of t h e  r e s u l t s  obtained 
t h a t  t he re  a re  apparently two mechanisms leading t o  t h e  formation of 
high-energy protons: One of them produces protons having an energy 
mainly up t o  - 50 Mev; t h e  second produces protons having an energy 
above 50 Mev. This second mechanism begins t o  operate from L = 2 
toward smaller L, and it i s  very probable t h a t  t h i s  i s  due t o  protons 
from albedo neutron decay. 

Region of intermediate L. For t h e  region of intermediate L 
(2.5 < L < 4 r  it is c h a r a c t ~ r i s t i ct o  have a maximum i n  t h e  d i s t r ibu 
t i o n  of low-energy protons and a minimum i n  t h e  d i s t r i b u t i o n  of e lec
t rons  having energies of severa l  hundred kev. There i s  a l s o  a zone of 
e lectrons having energies up t o  6 Mev i n  t h i s  region, bu t  t h e  o r ig in  
of t h i s  zone has s t i l l  not been c l a r i f i e d .  

(a)hw-energy protons. Iow-energy protons i n  t h e  rad ia t ion  zones 
are understood t o  mean protons having an energy l e s s  than 10 Mev. 
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Figure 6 

Dis t r ibu t ion  of High-Energy Protons Along t h e  Geomagnetic Equator 

The 	mean d i r e c t i o n a l  stream i s  p l o t t e d  along t h e  ord ina te  axis. 
Dashed l i n e s  ind ica t e  t h e  r e s u l t  obtained on "Explorer-15'' 

Figure 7,a, b, e, and d present  t h e  d i s t r i b u t i o n  of protons having d i f - /400
f e ren t  energies  f o r  t h e  equakor and geomagnetic l a t i t u d e s  of 30, 36, and 
43" (B/Be = 1; 3; 5 and 10, respec t ive ly i .  The mean d i r e c t i o n a l  stream 
i s  p lo t t ed  along the  ord ina te  axis i n  cm- -sec- '-sterad- ' .  For purposes 
of comparison, t h e  do t ted  curve shows t h e  r e s u l t s  derived by McIlwain 
when measuring a proton stream perpendicular t o  t h e  magnetic fo rce  l i n e  
i n  t h e  energy range 1.1-14 Mev ( R e f .  . 7 ) .  It can be seen from Figure 7 
t h a t  t he re  i s  a considera,ble shift  i n  t h e  pos i t i on  of t he  proton stream 
maximum a,s a funct ion of energy: The m a x i m u m  s h i f t s  toward smaller L 
when t h e  energy increases .  The pos i t i on  of t h e  curve m a x i m u m  f o r  1.1-14 
Mev i n  t h e  equatoria.1 plane seems somewha,t s t range  t o  us.  It can be seen 
from t h e  f igures  t h a t  t he  proton spectrum depends on L, and'becomes 
s o f t e r  with an incrFase i n  L. A f l u x  of protons having energies  of 
> 2 Mev i s  - 4.5.10"cm-".sec-'.sterad-' at  the  equakor. The d i s t r i b u t i o n  
m a x i m u m  of  t hese  protons i s  located at L = 2.8 f 0.2. The a l t i t u d i n a l  
p a t t e r n  of protons w i t h  an energy of > 2 Mev depends on L, and on t h e  
l a t i t u d e  f o r  each fixed L. The a l t i t u d i n a l  p a t t e r n  f o r  a given L cannot 
be represented i n  t h e  form of t h e  funct ion N - (B/Be)". The index m 
increases  with an increase  i n  l a t i t u d e .  I n  t h e  case of L = 3 at t h e  
equator m N 1, and gradual ly  increases  from m .= 4 a t  a l a t i t u d e  of - 45'. 
For t h e  plane of t he  geomagnetic equator, t h e  index m depends on t h e  
value of L. When L changes from 2 t o  3, t h e  ma.gnitude of m decreases 
from m N 2 t o  m = 1. I n  t h e  i n t e r v a l  3 < L < 4, t h e  a l t i t u d i n a l  p a t t e r n  
depends s l i g h t l y  on L, and on t h e  average m = 0.8 k 0.2. 

Computations performed by B. A. Tverskoy ( R e f .  8) and V. P. Shabanskiy 
e t  al .  ( R e f .  9) show t h a t  t h i s  s p a t i a l  d i s t r i b u t i o n  and proton spectrum 
can 'be explained by employing t h e  d ikferen t  mechanisms of proton t r a n s f e r  
from t h e  boundary t o  t h e  depths of t h e  magnetosphere. 

(b) Zone of energe t ic  e lec t rons .  Figure 8 shows two f l i g h t s  of t he  
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Figure 7 

Dis t r ibu t ion  of Protons Having Energies of -1Mev  as a Function of L 

a - i n  t h e  plane of t h e  magnetic equator (B/Be = 1); 
b - f o r  t h e  geomagnetic l a t i t u d e  of 30" (B/Be = 3);  
c - 36" (B/Be = 5; d - 43" (B/Be = 10). 

The dashed l i n e  ind ica tes  a proton stream of 1.1-14Mev 
perpendicular t o  t h e  force l ine ,  based on da ta  from 
"Relay-1". Be - magnetic f i e l d  s t rength  toward the  equator. 

s a t e l l i t e  "EleKiroii-i" through the  2 < L < 3 region on January 30, and 
January 31, 1965. During each of these  f l i g h t s ,  t h e  GC-1 counter 
operated behind a shielding of 5 mm Al. On t h e  f i r s t  revolution on 
January 30, 1965, t h e  GC-2 counter a l s o  operated behind a shielding of 
15 mm A l .  During t h e  second revolut ion on January 31, 1965, t h e  outer  
s c i n t i l l a t i o n  counter w a s  switched on, and t h e  f igu re  shows the  record
ing of  t h e  parameter OSC-4 (% > 2.7 Mev). I n  t h e  f irst  case, t h e  
counter GC-2 - and Fn t h e  second case, t h e  channel OSC-4 - showed hardly 
any recording increase a t  t h e  point where the re  w a s  a maximum i n t h e  
GC-1 recording. This maximum w a s  located a t  approximately L = 2.75. If 
t h i s  maximum can be explained by protons, then t h e  proton energy could 
not exceed 70Mev (GC-2 threshold) .  Then t h e  channel OSC-4 should a l so  
show an increase i n  t h e  recording f o r  L = 2.75. However, it can be seen 
from Figure 8 t h a t  OSC-4 decreases monotonically, and no maximum i s  
observed on t h i s  channel. The s i tua t ion  w a s  t h e  same on the  s a t e l l i t e  
f 'Elektr~n-21' ,bu t  t he  m a x i m u m  i n  the  GC-1 recording i s  l e s s  apparent 
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Figure 8 

Example of "Elektron-1" F l igh ts  Through 
a Zone of Electrons Having Energies up t o  6 Mev 

there ,  s ince t h e  t r a j e c t o r y  of t h i s  s a t e l l i t e  passed close t o  t h e  
equator. Due t o  t h i s  f a c t ,  t h e  background from braking r ad ia t ion  of 
low-energy e lec t rons  increased. A comparison of t h e  d i f f e r e n t  parame- /401 
t e r s  f o s t e r s  t h e  conclusion t h a t  t h i s  zone, which i s  - 0.4 R, wide a t  
t h e  equator, i s  formed from high-energy e lec t rons  up t o  6 Mev. The 
GC-1 counter cam record e lec t rons  having t h i s  ene.rgy with an 
eff ic iency of - 50% i n  a d i r e c t  passage. The contr ibut ion ma,de by 
braking r ad ia t ion  t o  t h e  rea.dings of  both counters ( G C - 1  and E - 2 )  
must be almost the sa.me. Consequently, e lec t rons  d i r e c t l y  penetra,ting 
through t h e  G C - 1  sh ie ld ing  make t h e  d i f fe rence  between GC-1  and GC-2. 
Then t h e  mean d i r e c t i o n a l  flux of electrons having t h e  energy - 6 Mev 
a t  the equator L = 2.75 i s  - 10~cm-"=sec- '*sterad-l ,  w i t h i n  an accuracy 
of a f a c t o r  on t h e  order  of two orders  of ma>gnitu.de. This m a x i m u m  cannot 
be explained by e lec t rons  ha.ving energies of E, > 4.3 Mev (GC-1 records 
these  e lec t rons  with lO%-efficiency, and t h e i r  f l u x  would. be- 5.102cm-".sec -1 -sterad- ') .  Electrons with these  energies  could not 
cause t h e  parameter SC-2 t o  operate.  This channel has a.n e l e c t r i c  
threshold of 3.5 Mev on "Elektron-ll', and a threshold of 4.0 Mev on 
"Elektr0n-2~', and i n  t h e  la t te r  case the re  i s  a. p la teau  which i s  barely 
noticean3le i n  t h e  recording f o r  L = 2-75. During t h e  f i r s t  revolut ions 
of t h e  s a t e l l i t e  "Elektron-l", a c l ea r  m a x i m u m  a.t L = 2.75 w a s  recorded 
on t h e  SC-2 channel, j u s t  as was t h e  case on t h e  GC-1 counter. Lo.ter on, 
when t h e  s e n s i t i v i t y  of t h e  s c i n t i l l a t i o n  counter decreased by about 2074, 
t h e  SC-2 channel of t he  sa te l l i t e  "Elektron-1" became insens i t i ve  t o  t h e  
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Figure 9 

Almost Simultaneous F l i g h t s  of t h e  S a t e l l i t e s  "Elektron-1" 
and "Elektron-2" Through a Region of Intermediate L 

The da.shed l i n e  ind ica t e s  t h e  magnetic f i e l d  B along t h e  
t r a j e c t o r y  of each s a t e l l i t e  as a f'unction of L. The t imes 
a t  which one of t h e  Lenveiopes i s  in t e r sec t ed  a r e  shown. 
Each s t e p  corresponds t o  t h e  two-minute durat ion of  t h e  
memory cycle. Forward revolu-Li.ons (receding from t h e  Ea,rth) 
are shown on t h e  l e f t ;  reverse  r svolu t ions  (approaching t h e  
Earth) a r e  shown on t h e  r i g h t .  

observed rad ia t ion ,  although a c l ea r  m a x i m u m  was recorded on t h e  GC-1 
counter. Thus, t h e  d i f fe rence  between t h e  threshold energies  i s  less 
than  1Mev, and t h e  observed@enomenon i s  p r a c t i c a l l y  excluded. This  
determines t h e  upper energy l i m i t  of e lec t rons  recorded,- 7 Mev. The 
o r ig in  of t h i s  zone i s  s t i l l  not c lear ,  although it i s  possible  t h a t  
it w a s  formed during a magnetic storm on September 23, 1963 ( R e f .  LO). 

( e )  Space 'between t h e  zones. The s p a t i a l  region 3 < L < 4 i s  
character ized by t h e  f a c t  t h a t  it contains  a minimum i n  t h e  i n t e n s i t y  
d i s t r i b u t i o n  of e lec t rons  having energies  of severa l  hundred kev. The 
concept of t h e  "space" arose h i s t o r i c a l l y ,  when p r imar i l l y  a hard rad ia
t i o n  component w a s  measured during t h e  f i rs t  s a t e l l i t e  f l i g h t s .  k t e r  
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Figure 10 

Spectrum of Electrons i n  t h e  Outer Zone at Different  
LEhvelopes, Recorded by the  Outer S c i n t i l l a t i o n  Counter OSC 
on the  S a t e l l i t e  "Elektron-2" on January 30, 1964, *om t h e  

Morning Side i n  t h e  Geomagnetic k t i t u d e  Range of 35-50" 
1 - L =  11; 2 - L =  9; 3 - L =  8; 4 - L =  7; 5 - L =  6; 6 - L =  5; 

7 - L = 4 . 5 ; 8 - L = 4  

s tudies  showed t h a t  t h i s  minimum i s  ins igni f icant  f o r  e lec t rons  having 
smaller energies (- 40 kev), and t h e  depth of t he  trough depends g rea t ly  
on t h e  geomagnetic per turbat ion.  Figure 9 shows approximately simultan
eous f l i g h t s  of "Elektron-l", and IrElektron-2" through t h e  rad ia t ion  
zones during t h e  evening and morning hours. Forward revolut ions are 
shown on the  l e r t  ( t he  s a t e l l i t e  recedes from the Earth),  and reverse  
revolutions a r e  shown on t h e  r igh t .  The dot ted l i n e  designates  t h e  ma.g
ne t i c  f i e l d  s t rength  B along the  t r a j e c t o r y  of each s a t e l l i t e ,  as a 
k c t i o n  of L. The times a r e  given when t h e  s a t e l l i t e s  in te rsec ted  prac 
t i c a l l y  one and the  same L-envelopes. The time given above pe r t a ins  t o  
the  s a t e l l i t e  "Elektron-1". I n  s p i t e  of the  f a c t  thak t h e  l a t i t u d e s  
d i f f e red  by approximately 20° during each f l i g h t ,  t he re  w a s  very l i t t l e  
difference between t h e  i n t e n s i t i e s  recorded by both s a t e l l i t e s  i n  t h e  
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Figure 11 

Streams of Electrons and Protons Having Different  
Energies i n  Mev i n  t h e  Equator ia l  Plane 

1 - protons; 2 and 3 - e lec t rons  at zero hours and 
8 hours, respect ively;  4 - e lec t rons  based on da ta  
from "IMP-1"a t  8 hours. 

L 'Y 4 region. During these  almost simultaneous f l i g h t s  of t h e  s a t e l 
l i t e s  "Elektron-1" and "Elektron-2" through t h e  outer  rad ia t ion  zone, 
t h e  a l t i t u d i n a l  p a t t e r n  of e lectrons recorded by t h e  GC-1 counters i n  
t h e  L Z  4 region w a s  considerably weaker than i n  t h e  remaining regions 
of t h e  outer  r ad ia t ion  zone. Thus, fo r  e lec t rons  having an energy of- 150 kev and above, t h e  L N 4 region i s  characterized 'by t h e  f a c t  t h a t  
there  i s  p r a c t i c a l l y  no a l t i t u d i n a l  va r i a t ion  with time here. 

Outer r ad ia t ion  zone. When the  outer  r ad ia t ion  zone was studied i n  
preceding years, when the re  was great  so la r  a c t i v i t y ,  it was d i f f i c u l t  t o  
study t h e  s t ab le  s t a t e  of t h e  zone, because individual  magnetic perturba
t ions  were imposed on each other.  During a year of minimum so la r  ac t iv i ty ,  
it i s  possible  t o  study t h e  zone i n  an unperturbed s t a t e .  Thus, i n  
February, 1964, two moderate magnetic storms with a sudden commencement 
were recorded, and one recurrent  storm was recorded. The average time 



between ~ , ~ s eevents w a s  approximately 7 days. According t o  t h e  1402 
catalog of i n t e rna t iona l  quiet  days, i n  Febmary t h e r e  were about 10 
magnetically-quiet days. There w a s  a p a r t i c u l a r l y  quiet  period a f t e r  
t h e  storm on Febmary 12, 1964, approximately between February 15-19, 
1964. An ana lys i s  of t h e  da ta  showed t h a t  t h e  outer  zone had a f a i r l y  
s t ab le  form f o r  c e r t a i n  r e s t r i c t e d  t i m e  i n t e rva l s  on t h e  order of 4-6 
days. There w a s  a very sharp decrease i n  i n t e n s i t y  by 2-3 orders of 
magnitude on t h e  nocturnal s ide  within t h e  l i m i t s  of AL - 0.2 - 0.3 Re. 
On t h e  morning side,  t he re  w a s  no such sharp re la t ionship ,  and it was 
here, beyond t h e  boundary of t he  zone, t h a t  t h e  l e v e l  w a s  received 
of braking rad ia t ion  quanta having an energy of > 30 kev, which exceedea 
t h e  background by a f ac to r  of 10. It w a s  es tabl ished t h a t  t he re  i s  no. 
s ign i f i can t  difference i n  t h e  pos i t ion  of t h e  zone m a x i m w d  on t h e  noctur
n a l  and morning s ides  of the-Earth,  bu t  t h e  pos i t ion  of t h e  outer  boundary 
s t rongly depends on t h e  l o c a l  time. The maximum of t h e  outer  zone i n  
February, 1964, w a s  located on t h e  average a t  L = 4.5-4.8. The boundary 
from t h e  nocturnal  s ide  w a s  located a t  L = 6.5-7.5, and from t h e  morning 
s ide  - at L = 10-11.l A l l  of t h e  small i n t e n s i t y  changes during the  
quiet  periods occurred pr imari ly  i n  t h e  case of L > 6. 

The parameters of S C - i  from both s a t e l l i t e s ,  recording braking 
ra.diation quanta having a n  energy of > 30 kev, were employed t o  determine

/403 
t h e  a,ltitu.dinal pa t t e rn  of the  electrons.  The simultameous f l i g h t s  
(within a,n accuracy of severa l  minutes) of t h e  s a t e l l i t e s  through t h e  
outer  zone a t  d i f f e r e n t  l a t i t u d e s  were selected.  The aLti tudina1 inten
s i t y  pa t te rn  changed very s l i g h t l y  within a wide L-range, and cbuld be 
represented i n  t h e  form of N(B) - (B/Be)-m, on the  average, where 

+o 3m e  0,5-0:2. 


The OSC devices were used t o  obtain t h e  e lec t ron  spectrum i n  the  
outer zone. The contr ibut ion of protons having an energy of > 1Mev t o  . 
t he  e lectron channel recordings f o r  L > 4 could be disregarded, i n  view 
o f  t h e  f a c t  t h a t  they rap id ly  decreased wl'th a n  increase i n  L (see above). 
I n  addition, a t  l a t i t u d e s  of > 30" t h e  number of protons was a l so  s m a l l ,  
a s  compared w i t h  t h e  e lectrons,  due t o  t h e i r  sharper a . l t i tudina1 behavior. 
Figure 10 presents  e lec t ron  spectra  f o r  d i f f e ren t  &envelopes, obtained 
during t h e  f i r s t  reverse  f l i g h t  of t h e  s a t e l l i t e  "Elektron-2" on January 
31, 1964. The f igure  gives the  spectra  f rom L = 4 t o  L = 11 i n  t h e  
geomagnetic 1a.titude range of 35-50's. The mean e lec t ron  flux, obtained 
under the  assumption t h a i  t h e  electron f lux  was i so t ropic  within , the 
l i m i t s  of t h e  angle 2rr, i s  p lo t ted  a,long the  ordinate  ax is .  It can 'be seen 
from t h e  f igu re  t h a t  t h e  e lec t ron  spectrum becomes s o f t e r  with an increase 
i n  L. In  t h e  energy region above 600 kev, t he re  i s  a sharp b r e a k ' i n  a l l  /404 
of t h e  spectra,  and t h e  spectrum becomes sof te r .  Between 70-600kev, a l l  
of t he  spectra  l i e  on a s t r a i g h t  l ine ,  and consequently, they can be rep
resented i n  the  form N(>E) - E'y. In  the  case of E > 600 kev (s ince  the re  a re  
1 Larger L (> 6-7) were computed i n  t h e  dipole  approxima.tion i n  the  

present a r t i c l e .  
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only two poin ts  here), t h e  power l a w  may a l s o  be employed. The index 
y decreases from y = 3 f o r  L = 11t o  y = 1i n  t h e  case of L Q 6 i n  t h e  
energy range of 70-600 kev; thus,  t h e  spectrum i s  hardest  i n  the  L < 6 
region. If an attempt i s  made t o  represent  t h e  spectrum i n  t h e  form 
N(>E) - f o r  L = 5, then between 70-600 kev Eo N 290 kev. This guan
t i t y  i s  somewhat lower than i n  ( R e f .  ll), where at  L = 5 EO = 340 kev. 
Thus, up t o  an energy of - 600 kev t h e  e lec t ron  spectrum of the  outer  
zone c lose ly  coincides with t h e  r e s u l t s  derived by other  authors. The 
divergence i n  t h e  case of  E > 1.2 Mev can be explained i f  it i s  
assumed t h a t  p a r t i c l e  generation at t h e  magnetosphere boundary i s  air
e c t l y  r e l a t ed  t o  so l a r  ac t iv i ty ,  and t h a t  t h e  majori ty  of e lec t rons  
forming t h e  outer  zone - s imi la r ly  t o  protons (Ref .  8, 9) - d r i f i  
within the  magnetosphere frm i t s  boundary. Thus, if elec t rons  having 
an energy of 200-300 kev a r e  generated, t h e i r  energy reaches a value 
of - 1Mev when these  e lec t rons  move t o  L - 5. ,The repor t  (Ref.  4) 
inves t iga tes  a l l  of  t h e  s t rongest  occurrences o f  non-regular e lec t ron  
streams beyond t h e  zone boundary from t h e  morning and evening s ides  
during February, 1964. Not one case w a s  recorded, i n  which t h e  e lec t ron  
energy exceeded 400 kev. During s a t e l l i t e  f l i g h t s  on March 10 and March 
15, 1964, a f t e r  a recurrent  storm on March 4-5, -1964, it w a s  found t h a t  . 
t he re  were e lec t rons  with an .energy of > 1.2 Mev i n  the  zone. The elec
t r o n  spectrum was similar t o % e  spectrum c i t e d  i n  ( R e f .  11). The con
clusion may be drawn from t h e  statements given above t h a t  t h e  e lec t ron  
spectrum i n  t h e  outer  rad ia t ion  zone undergoes considerable var ia t ions .  
The spectrum apparently becomes sof te r ,  on t h e  average, during years of 
a quiet  Sun. However, high-energy e lec t rons  may sometimes appear a f t e r  
large magnetic per turbat ions.  

CONCLUSIONS 

Figure 11presents  t h e  over -a l l  p i c t u r e  of t h e  hard component dis
t r i b u t i o n  of r ad ia t ion  zones of t h e  Earth, compiled from data obtained 
from t h e  s a t e l l i t e s  "Elektron-1" and "Elektron-2". This p i c tu re  makes 
it possible  t o  sum up a l l  of t he  information presented above and t o  draw 
t h e  following conclusions. 

1. A zone of a r t i f i c i a l l y - i n j e c t e d  e lec t rons  i s  located very close /405 
t o  t h e  center  of t h e  Earth. I n  February, 1964, t h e  maximum of t h e  zone 
was located a t  L = 1.35. A f l u x  of e lec t rons  having an energy of 
> 2 Mev a t  t h e  maximum comprises - l*107cm-2-sec-' =sterad-'.  

2. A t  t h e  m a x i m u m  of t h e  inner zone, t h e  mean d i r e c t i o n a l  flux 
of protons having an energy of 45-70 Mev i s  - l.5*103cm-2-sec-1 .sterad-1 
for L = 1.45. For L = 2.2 the re  i s  a change i n  the  i n t e g r a l  spectrum 
fo r  energies of % > 50 Mev. The spectrum becomes harder i n  t h i s  
energy region, and can apparently be explained by t h e  theory of al'bedo 
neutrons. 

3. The s p a t i a l  d i s t r i b u t i o n  of protons having an energy between 1 
and severa l  Mev i s  d i f f e r e n t  from t h e  e lec t ron  d i s t r ibu t ion .  The proton 
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d i s t r i b u t i o n  follows a d e f i n i t e  la,w as a function of t h e i r  energy. The 
mean d i r e c t i o n a l  f lux  of  protons having an energy of > 2 Mev i s  
-.4.5~105cm-"~sec-1~sterad-'i n  t h e  equa to r i a l  plane f o r  L = 2.8. The 
index of t h e  al t i tudina.1 p a t t e r n  changes from DI = 2 6 0.1 f o r  L = 2 t o  
m = 0.8 f 0.2 f o r  L = 4. The majori ty  of protons i n  t h i s  energy range 
i s  apparently formed by t h e  d r i f t  of protons across  t h e  force l i n e s  of 
t h e  magnetic f i e l d .  

4. A zone of high-energy e lec t rons  w a s  discovered a t  L = 2-75. The 
width of the  zone a t  t h e  equator was AL - 0.4 Earth r a d i i .  The mean d i rec
t i o n a l  f lux  of e lec t rons  having an energy of > 6'Mev i s- 10"cm-" see-' sterad-' . 

5. A minimum w a s  observed i n  t h e  d i s t r i b u t i o n  of e lec t rons  having 
an energy of > 1.50 kev i n  t h e  3 < L < 4 region. The a l t i tud ina .1  inten
s i t y  p a t t e r n  i n  t h i s  region changed g rea t ly  with t i m e ,  and became negl i 
g ib ly  s m a l l  a,t c e r t a i n  per iods of t i m e .  ' 

6. The m a x i m u m  of t h e  outer  zone, both on t h e  nocturna.1 and on t h e  
morning 	side,  was located on t h e  average a t  L = 4.8. The mean index of 

f0.y i n  a wide region of L. On t h et h e  a l t i t u d i n a l  pa.ttern w a s  m = 0.5-o.a 
nocturna.1 s ide,  t h e r e  wa.s a. sharp boundary at L = 7 f 0.5. ' On t h e  
morning s ide,  t he re  w a s  no sharp boundary, and the re  w a s  a monotonic 
decrease i n  in t ens i ty .  The mean d i r e c t i o n a l  f lux of e lec t rons  having 
an energy of > 70 kev at t h e  outer  zone maximum w a s  - 5 - 1 0 S c m - 2 * s e c - S ~ ~ r a d l  
and could change by more than one order  of magnitude. The e lec t ron  energy 
spectrum between 70-600 kev coincides with t h e  r e s u l t s  derived by other  
authors.  I n  t h e  energy region of 3 1Mev, t h e  e lec t ron  spectrum became, on 
t h e  average, s o f t e r  as compared with preceding years.  
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PRELIMINARY RESULTS DERIVED FROM CORFTJSCLJ3 
INVESTIGATIONS ON THE SATELLITE "ELEKTRON- 1" 

A. D. Bolyunova, 0. L. Vaysberg, Yu. I. Gallperin, 
B. P. Potapov, V. V. Temnyy, F. K. Shuyska,ya. 

The s a k e l l i t e  "Elektron-1" ca r r i ed  two s o f t  corpuscle ind ica tors ,  /406 
which were designed t o  study t h e  spa.tia.1 d i s t r i b u t i o n  of t h ree  main 
types of charged paar t ic les  trapped by the geoma.gnetic f i e l d :  Sof t  and 
hard e lec t rons  and s o f t  protons.  The f i rs t  indicakor 1-1,which w a s  
s imi la r  t o  t h a t  ca r r i ed  by t h e  s a t e l l i t e s  'fK~smos-311and "Kosmos-5" 
( R e f .  1, 2) ,  could record e lec t rons  beginning at  - 1kev, s ince it had 
a e l ec t ros t a , t i c  acce le ra t ing  attachment with high voltage which changed 
stepwise, gp t o  +11 kv. The thickness  of i t s  aluminum f o i l  w a s  
0.6 mg-cm- . The second indica tor  1-2, wi th  f o i l  of 0.4 mg-cm-', w a s  
designed t o  record protons ha.ving energies  grea,ter than - 1.50 kev. A 
magnetic attachment, which prevented e lec t rons  w i t h  Hp 5 5000 gauss-cm 
(energy l e s s  than  1.1Mev) from reaching a f luorescent  screen, w a s  
placed i n  i t s  f i e l d  of v i s ion .  The screen of both ind ica to r s  was com
p l e t e l y  t h e  sa.me outs ide of t h e  f i e l d  of v i s ion .  The angular f i e l d  Of 

v i s ion  of both recorders  amounted t o  1/30 s te rad .  Therefore, thcy 
recorded a s igna l  which g r e a t l y  depended on t h e  ind ica tor  or ientast ion 
i n  t h e  geomagnetic f i e l d  i n  an an iso t ropic  r ad ia t ion  f i e l d .  The s c a t t e r  
of t he  poin ts  on t h e  graphs presented below was cadused$0 a s ign i f i can t  
extent  by changes i n  the  ind ica tor  o r i en ta t ion  and pa.rtia.lly by t h e  
inaccuracy of t h e  B, Lcoord ina te s  employed. The preliminary r e s u l t s  
derived from analyzing t h e  d a t a  obtained by avera.ging the  s igna ls  mea
sured a.t d i f f e r e n t  ind ica tor  or ienta , t ions are given below. These da.ta 
have not ye t  been compared with simultaneous measurements performed by 
other  equipment on t h e  s a t e l l i t e s  "Elektron-1" and "Elektron-2". It 
was subsequently decided t o  perform more exhaustive s tud ies  on t h e  bas i s  
of de t a i l ed  computations of t h e  B, L-coordinates and the  or ien ta t ion .  

A s  i s  known, an  overwhelming por t ion  of e l ec t rons  i n  t h e  natura.1 
ra.dia.tion zones ha.ve energies  which a r e  less tham 1Mev. However, a f te r  
the  American high-a.l t i tude thermonuclear explosion on J u l y  9, 1962, a 
large asmount of heavy e lec t rons  having energies  of severa l  MeV appeared 
i n  t h e  upper a.tmosphere ( R e f .  3, 4 ) .  Although these  ind ica tors  were 
not d e s i g x d  e spec ia l ly  f o r  recording and analyzing heavy e lec t rons ,  
they a l s o  recorded considerable streams of t h i s  new component i n  t h e  
radia.tion zones. I n  such cases,  t h e  rea.dings of both indica.tors w e r e  
a,pproximately t h e  sa.me. The ind ica tor  screenings ma.de it possible  f o r  
e lec t rons  having energies  of more than - 1.1MeV t o  pene t ra te  t h e  
recorder  i n  a wide angular  range. Therefore, when such e lec t rons  were 
recorded, t h e  s i g n a l  changed from point  t o  poin t  verb smoothly i n  s p i t e  
of t h e i r  an iso t ropic  d i s t r i b u t i o n  with respect  t o  pi tch-angles  i n  t h e  
magnetic f i e l d  - i n  cont ras t  t o  t h e  recording of soft corpuscles.  I n  
t h i s  way, it was poss ib le  t o  d i s t ingu i sh  between cases  when heavy e lec
t rons  were recorded, and cases  when protons having small  energies  were 
recorded. 
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Let us f irst  examine t h e  d i s t r i b u t i o n  of t h e  s i g n a h  obtained by t h e  
ind ica tors  i n t h e  invar ian t  B, L- or R, X-coordinates. The s igna l s  of 
t h e  proton ind ica to r  1-2 were g r e a t l y  concentrated toward t h e  equator a t  
L - 1.2-1.3, and rap id ly  decreased t o  L - 2.  It w a s  clea,r from t h e  nature  
of t h e  recording ( w e a k  dependence of s igna l s  on pitch-angle) thak pene
g r a t i n g  paa r t i c l e s  were being recorded here  a,t a s u b s t a n t i a l  s o l i d  angle.  
Since penetraking protons wi th  energies  of t e n s  of MeV up'to L - 1.6 
made an  in s ign i f i can t  cont r ibu t ion  t o  t h e  s i g n a l  of our ind ica tors ,  1 it i s  
apparent tha.t r e l a t i v i s t i c  e l ec t rons  of an  a r t i f i c i a l  radia,t ion zone were 
recorded i n  t h i s  region. A t  L k  2, t h e  1-2 ind ica to r  s igna l s  again /bo7
increa.sed, reaching a maximum a t  L x 3,  and then again decreased t o  L - 4. 
The 1-1elec t ron  ind ica to r  s igna l s  t hus  became smaller than  the  1-2 pro
t o n  ind ica tor  s igna ls .  This d e f i n i t e l y  ind ica t e s  t h a t  t h e  1-2 ind ica to r  
pr imar i ly  recorded protons having s m a l l  energ ies  of less than  0.5 MeV.  
Figure 1 8.1~0shows t h e  l i n e s  of equal  i n t e n s i t y  f o r  s o f t  protons.  For 
L k  5, a proton stream was usua l ly  below t h e  recording threshold of our 
ind ica tors .  

The s l i g h t  dependence of t h e  1-1indica tor  s e n s i t i v i t y  on e l ec t ron  
energy i n  t h e  2 20 kev region made it possible ,  i n  t h e  f i r s t  approxima.tion, 
t o  regard i t s  readings a s  t he  magnitude of t h e  i n t e g r a l  e l ec t ron  stream of 
E 2 20 kev, i n  the  absence of acce1era.ting volta.ge. Consequently, t h e  
d i f fe rencc  between t h e  rea,dings of t h e  two ind ica to r s  i n  t h e  
1.20 < L 5 2 . 5  region only determined t h e  i n t e n s i t y  of e lec t rons  with 
energies ranging from - 20 kev up t o  1.1MeV. 

I n  t h e  L - 1.4-2.0 region, t h e  1-1elec t ron  ind ica tor  readings con
sidera.bly exceeded t h e  proton indieahor readings,  which ind ica tes  tha.t 
e lec t rons  were recorded having energies  of E < 1.1Mev. Their  d i s t r i b u 
t i o n  i n  t h e  B, L-coordinates, which i s  a l s o  shown i n  Figure 1, d i f f e r s  
considerably from the  d i s t r i b u t i o n  of hard e lec t rons  i n  an a . r t i f i c i a 1  
zone. The readings of t h e  two indica tors  were a.lmost proport ional  i n  
the  region of t h e  proton zone center  (L  2 3 ) ,  and. t h e  flux of e lec t rons  

-1
with energies  of E > 20 kev d id  not usua.1ly exceed 3-108particle-cm-2-sec . 
(This maximum est imate  was obtained on t h e  assumption t h a t  t he  e n t i r e  1-1 
indica tor  s i g n a l  w a s  caused by e lec t rons .  It w i l l  be shown below tha,t t h e  
f l u x  of e lec t rons  i n  t h i s  region i s  much smaller.)  A t  L ;L 5, t h e  e lec
t r o n  stream increased on t h e  average, b u t  f l uc tua ted  very g rea t ly .  
Figure 1 shows the  ma.gnitude of t h e  d ispers ion  f o r  B f o r  po in ts  of equal 
e l ec t ron  i n t e n s i t y  E 3 2 0  kev at  high l a t i t udes ,  s ince  a representa
t i o n  of t h e i r  averaged i n t e n s i t i e s  i n  t h e  usua l  B, L-coordinates 
concealed very i n t e r e s t i n g  va r i a t ions  with 1oca.l t i m e ,  geomagnetic a c t i v i t y ,  
e t c .  

.. ... 

1 This contr ibut ion i s  known from megsurements performed with s i m i l a r  
ind ica tors  on t h e  sa , t e l l i t e s  "Kosmos-j" and "Kosmos-5" (Ref. 5 ) .  W e  
ha.ve not attempted t o  i n t e r p r e t  t h e  s igna ls  i n  those ma,gnetdsphere 
regions where t h i s  contr ibut ion could exceed 20% of the  recorded 
s igna,l. 
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Figure 1 


Distribution of Lines of Equal Indicator Signals 
a - In invariant R, X-coordinates; 1-Rev. 10;2-boundary of measurement re
gion;3-isolines of soft proton intensity in units of 5*10~particle=cm-?secl 
(preliminary data);k-isolines of electron intensity E q . 1  Mev in units of 
lo8particle sec-l;5-isolines of electton concentration E>1.1 MeV in
units of 10'3particle-cm - 3 .,6-intensity variation during magnetic storm. 
b - The same in invariant B,Lcoordinates (disregarding the magnetosphere 
asymmetry). The boundary values of L are also indicated, above which there 
were usually no signals. The rhombus designates the dispersion of B values 
for identical 1-1 indicator readings. 
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Disregarding t h e  d a i l y  magnetosphere asymmetry, Figure 1a l s o  shows 
t h e  boundary of t h e  By Lcoord ina te  region in t e r sec t ed  by t h e  o r b i t  of 
t h e  s a t e l l i t e  "Elektron-1". It can be seen t h a t  t h e  s a t e l l i t e  i n t e r 
sected t h e  magnetic fo rce  l i nes ,  passing through t h e  nor th  and south 
zones of t he  aurorae po la r i s ,  when t h e  o r b i t a l  angle of i n c l i n a t i o n  t o  
t h e  equator was i = 61'. Thus, in January-March it penetrated t h e  
southern zone of t h e  aurorae p o l a r i s  from 2 1 t o  8 hours l o c a l  time, a t  
a l t i t u d e s  of 5,000-7,000.km, and it penetrated t h e  northern zone of t h e  
aurorae p o l a r i s  a t  a l t i t u d e s  of 400-500 km from 9 t o  20 hours l o c a l  
time . 

kt us now examine i n  t u r n  t h e  d a t a  obtained from these  s igna l s  on 
t h e  d i s t r i b u t i o n  of t h e  types of charged p a r t i c l e s  ind ica ted  above, 
which a r e  caught i n  t h e  t r a p  of t h e  geomagnetic f i e l d .  

1. A r t i f i c i a l  Zone of Heavy Electrons Close t o  t h e  Equator 

The d i s t r i b u t i o n  of t h e  mean concentration of r e l a t i v i s t i c  e lec t rons  
(E > 1.1Mev) close t o  t h e  equator f o r  L < 1.5, B > 0.08 gauss can be ob
t a ined  from Figure 1 by multiplying t h e  given values by A compari
son of t he  i n t e n s i t i e s  measured a t  t h e  beginning of 1964 with t h e  in ten
s i t i e s  observed d i r e c t l y  a f t e r  t he  explosion on t h e  s a t e l l i t e  "Kosmos-5" 
(Ref. 4) shows t h a t  t h e  form of t h e  a r t i f i c i a l  zone changed considerably, 
p r imar i ly  due t o  the  r e l a t i v e l y  g rea t  a t t enua t ion  a t  l o w  a l t i t u d e s  and 
a t  la rge  l a t i t u d e s .  The omnidirectional i n t e n s i t y  i n  t h e  center  of the  
a r t i f i c i a l  zone c lose  t o  t h e  equa to r i a l  pla,ne ( L  = 1.3) decreased by 
a,pproximately one order of magnitude, and amounted t o- 2*108electron.cm-2 .see-' , while a t  a l t i t u d e s  below approximately 1000 k m  
it decreased by no l e s s  than  a f a c t o r  of 100 (Figure 2 ) .  The d a t a  /409 
obtained c lose ly  coincide with measurements i n  t h e  art if  icia.1 ra,dia.tion 

zone which were performed by McIlwain and h i s  coworkers on t h e  s a . t e l l i t e s  

"Explorer-15" (Ref. 6) (with a.llowance f o r  t h e  cor rec t ion  given i n  

[Ref. 71) and "Relay-1" (Ref. 8) .  Such a p i c t u r e  for the  decrease i n  t h e  

a r t i f i c i a l  zone i n t e n s i t y  f o r  L <, 1.3 agrees formally with the  computa

t i o n s  of t h e  Coulomb s c a t t e r i n g  e f f e c t s  by t h e  so lu t ion  of t h e  Fokker-

Planck equakion ( R e f .  3, 9) 


On t h e  o ther  hand, t h e  la rge  e l a s t i c  s c a t t e r i n g  cross sec t ion  f o r  
hard e l ec t rons  leads t o  t h e  f a c t  t h a t  t h e  a l t i t u d i n a l  p a r t i c l e  distri 'bu
t i o n  i s  p r a c t i c a l l y  i n  ba,la,nce with t h e  atmosphere, if t h e  o ther  mechan
i s m s  by which r e l a k i v i s t i c  p a r t i c l e s  a r e  r e d i s t r i b u t e d  a t  low l a t i t u d e s  
a r e  a c t u a l l y  unimportant. Therefore, t he  data. obta,ined on the  i n t e n s i t y  
behavior with a l t i t u d e  i n  an  a r t i f i c i a l  zone make i s  possible t o  de t e r 
mine, s imi l a r ly  t o  t h e  proton measurements (Ref. lo), t h e  a l t i t u d e  of t h e  
homogeneous atmosphere H f o r  density.  However, i n  cont ras t  t o  hard pro
tons,  t h e  time required t o  e s t a b l i s h  equilibrium d i s t r i b u t i o n  along t h e  
force  l i n e  i s  s m a l l ,  even a.t high a l t i t u d e s  (Ref. 3, 9) .  The information 
obtained on t h e  a l t i t u d e  of t h e  homogeneous atmosphere H a t  high a l t i t u d e s  
i s  given i n  t h e  t a b l e .  Since e lec t rons  a r e  diffused downwa.rd on t h e  
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Figure 2 

I n t e n s i t y  Decrease a t  t h e  Point Where t h e  Center of t h e  
A r t i f i c i a l  Zone w a s  Located Direc t ly  After t h e  Explosion 

(L = 1.20 f 0.04, B = 0.194 f 0.006 Gauss) 

2 1 	- 1 1 K o ~ m ~ ~ - 5 " ;  "Elektron-1" The computational r e s u l t s  
are shown by  t h e  dashed l i n e  (see [ R e f .  51, p.  111) 

average, t h e  values obtained f o r  H represent  an upper es t imate .  They per
t a i n  t o  1963, but  somewhat exceed t h e  corresponding values computed by  
the  models of Anderson and Francis (see [Ref. 91) and Harris-Priester 
(Ref. 11). A more de t a i l ed  ana lys i s  of t h e  p a r t i c l e  concentration d i s t r i 
but ion and a refinement'bf t he  method for computing H, with allowance f o r  
t h e  Coulomb s c a t t e r i n g  effects ,  make it possible  t o  determine more accurate
l y  t h e  temperature and t h e  mean molecular weight i n  t h e  exosphere at 
these  a l t i t u d e s ,  on t h e  basis of these  data .  

These r e s u l t s  show t h a t  t h e  l i f e t ime  of an a r t i f i c i a l  zone a t  low 
l a t i t u d e s  ( L  <, i .3) i s  unusually la rge .  During t h e  last period, it i s  
pr imari ly  determined by only t h e  dens i ty  of p a r t i c l e s  i n  t h e  exosphere 
of t h e  Earth (although t h e  r o l e  of other  f a c t o r s  cannot be excluded, 
such as t h e  e l e c t r i c  d r i f t  of p a r t i c l e s ,  va r i a t ion  of t h e  magnetic f i e l d ,  
e tc . )  If t h i s  i s  va l id ,  then t h e  durat ion of an a r t i f i c i a l  r ad ia t ion  
zone a t  low l a t i t u d e s  m u s t  be ca lcu la ted  i n  t e n s  of years.  It can only /410 
be,hoped t h a t  t he  most powerful world-wide magnetic storms, or spec ia l  
f u t u r e  experiments t o  br ing about compulsory departure  of these  p a r t i 
c l e s  from t h e  geomagnetic f i e l d  t rap ,  w i l l  acce le ra te  t h e  process by  
which t h e  background of hard r ad ia t ion  i s  res tored  t o  t h e  l e v e l  ex i s t ing  
before  t h e  beginning of nuclear  explosions i n  t h e  atmosphere a t  high 
a l t i t u d e s  i n  1958 ( R e f .  U).  
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Figure 3 

Depenaence of a Stream of Trapped Electrons of 20 kev < E < 1.1Mev 
on the  Strength of t h e  Field B a t  t h e  Force Line L = 1.6 (On t h e  
Left), and t h e  Dependences Thus Obtained of Electron In t ens i ty  
Dis t r ibu t ion  on the  Pitch-Angle J(a)da a'" Two Selected Points on 
t h e  Force Line: Bo = 0.076 Gauss (at  the  Equator) and B1 = 0.163 

Gauss 
Pitch-angles, corresponding t o  hmin M 0, a r e  designated by eo and 8,. 

. - _ - ~- -. - -- -.- _-
HI km.~~ 

"Elektron-1" Model (Ref .  9). 
h, knl (Mean Daily) 

s = 70) 
- ~ .. .  

800 320 5 io * 110 176 
1000 320 * 10 ,
1200 370 * 32 229 
1500 500 * 25 440 320 
1800 760 * 185 560 476 

* 	The mean quadratic deviat ion i s  fndicated.  Systematic e r ror ,  
r e l a t e d  t o  inaccurate measurements and t o  approximations u t i l i z e d  
t o  compute H, can be s ign i f i can t ly  la rger (see  the  t e x t ) .  
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"Elektron-1" 1 -1-5
(Proton ind ica to r  1 

6 B= o,ou gauss 
L=3,0 i 
/.:

k.:. . 
. ..:"\0 ... 

Figure 4 

The Dependence (Similar  t o  Figure 3) fo r  Soft  Protons at 
t h e  Line L = 3.0, and t h e  Corresponding Dis t r ibu t ion  at t h e  Point 

B = 0.04 Gauss 

2. Electrons H.aving a Natural Origin a t  Low Lat i tudes 

L e t  us now examine t h e  resul ts  derived from measuring e lec t rons  hav
ing  an energy of 6 1.1Mev. Measurements (by means of e l e c t r o s t a t i c  
attachments modulated t o  e l ec t ron  energy) performed on t h e  s a t e l l i t e s  
"Kosmos-3" a,nd "Kosmos-5" before  t h e  formation of  an a . r t i f i c i a l  r ad ia t ion  
zone a t  l o w  l a t i t u d e s  ( R e f .  13)y and a comparison between these d a t a  and 
ind ica to r  readings on t h e  s a . t e l l i t e  "Elektron-l", lead t o  t h e  conclusion 
t h a t  t he  energy of t h e  main pc r t ion  of e lec t rons  measured here i s  
20-200 kev. 

The i n t e n s i t i e s  of s o f t  e lec t rons  with an energy of - 1 5  kev, which 
were measured a t  low l a t i t u d e s  i n  t h e  eas te rn  hemisphere with s i m i l a r  

(Re f .  13)y were below t h e  sens i ind ica tors  on t h e  s a t e l l i t e  1 r K ~ s m ~ ~ - 5 1 '  
t i v i t y  threshold of our apparatus on t h e  s a t e l l i t e  "Elektron-1". It 
must be noted t h a t  so f t  e l ec t ron  measurements on t h e  sa te l l i t e  "Elektron-1" ' 
are p a r t i c u l a r l y  provis ional ,  s ince  - i n  addi t ion  t o  t h e  indeterminant 
nature  of o r i en ta t ion  - measurements of t h e  s o f t  e l ec t ron  component a t  
low l a t i t u d e s  are g r e a t l y  complicated by t h e  high i n t e n s i t y  of pene t ra t ing  
e lec t rons  of t h e  a r t i f i c i a l  ra,dia,tion zone. 

Figure 3 presents  an example of t h e  e l ec t ron  i n t e n s i t y  dependence 
E < 1.1 Mev on t h e  pitch-angle for L = 1.6 a t  t h e  equator (Bo = 0.076 
gauss) and a t  t h e  poin t  �31 = 0.163 gauss, formulated by r eca l cu la t ing  
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Figure 5 

Change i n  Trapped Proton Spectrum as a Function of L 
During Several  Revolutions Based on Data From "Elektron-1" 

The dashed l i n e s  on t h e  graph ind ica te  r e l a t i v e  values of t h e  
parameter Eo f o r  t h e  proton spectrum i n  t h e  form 

N(E)dE - exp (-E/%)dE. For purposes of comparison, a s i m i l a r  

dependence obtained from measurement d a t a  on t h e  s a t e l l i t e  

"Explorer-12" i s  shown by t h e  s o l i d  l i n e .  


t h e  measurements of averaged d i r e c t i o n a l  i n t e n s i t y  a t  d i f f e r e n t  po in ts  
a,long a magnetic envelope. A comparison of t h e  measurement d a t a  on the  
s a t e l l i t e  ''K0smos-5~'before  the  explosion on J u l y  9, 1962 (Ref. 14) leads  
t o  t h e  conclusion t h a t  t he  i n t e n s i t y  gradient  along t h e  magnetic force  
l i n e  and, consequently, t h e  nature  of t h e  an iso t ropic  d i s t r i b u t i o n  of 
these  p a r t i c l e s  i n  the  magnetic f i e l d  coincides with t h e  r e s u l t s  obtained 
before t h e  explosion on J u l y  9, 1962 - when it could be assumed t h a t  t he  
e lec t ron  zone at low l a t i t u d e s  w a s  a n a t u r a l  zone. A de t a i l ed  comparison 
i n  the  overlapping regions of t he  B,' Lcoord ina te s  (1.4 2 L <, 2) shows /411 
t h a t  t h e  intens ' i ty  gradients  d I n  I/dB d i f f e r  by a f ac to r  of l e s s  than 
1.5. The e lec t ron  f luxes,  measured on t h e  s a t e l l i t e  "Elektron-l", may 
possibly even have decreased somewhat (but no more than twice) ,  as com
pared with measurements on r r K ~ s m o s - 5 r fwith a s i m i l a r  ind ica tor .  The low 
r e l a t i v e  accuracy of t h i s  comparison i s  pr imari ly  r e l a t ed  t o  the  inde ter 
minate nature,  ex i s t ing  at the  present  time, of the  ind ica to r  o r i en ta t ion  
on t h e  s a t e l l i t e  "Elektron-1". The d i s t r i b u t i o n  of t h e  mean-energy e lec
t r o n  component sharply d i f f e r s  from t h e  d i s t r i b u t i o n  described above of 
r e l a t i v i s t i c  e lec t rons  i n  t h e  a r t i f i c i a l  zone, and a l s o  from the  d i s t r i b u t i o n  
of E < 450 kev electrons,  obtained i n  1963 on t h e  s a t e l l i t e  "Relay-1" 
(Ref. 8). This agrees with the  conclusion t h a t  t he  "energy of e lec t rons  
which we recorded w a s  considerably l e s s  than 0.5 Mev. 



Figure 6 

Dependence of $ound on Local Time. 

DotF stand 

Thus, t hese  measurements charac te r ize  t h e  d i s t r i b u t i o n  of e l ec t rons  
having an energy of 20-200 kev and having pr imar i ly  a n a t u r a l  o r ig in ,  
s ince  t h e  l i fe t ime of e l ec t rons  with these  energies,  which were in j ec t ed  
on J u l y  9, 1962, i s  shor t .  

One c h a r a c t e r i s t i c  of t he  d i s t r i b u t i o n  of these  mean-energy e l ec t rons  
i n  t h e  geomagnetic f i e l d  i s  t h e  s ign i f i can t  decrease i n  t h e i r  i n t e n s i t y  
i n  t h e  region L 2 2. They have a p a r t i c u l a r l y  low i n t e n s i t y  a t  L - 3,  
where t h e  center  of t h e  s o f t  proton zone i s  located, and which we s h a l l  
now exa,mine . 

3. Soft  Proton Zone /412 
The o r b i t  of t h e  s a t e l l i t e  "Elektron-I" only allowed measurements 

i n  t h i s  zone far from t h e  equator, at l a t i t u d e s  of 30-50". The purpose 
of our measurements w a s  t o  ob ta in  information on s o f t  proton streams (with 
energies  of hundreds of kev) above t h e  mean and high l a t i t udes ,  and t o  
compare them with t h e  r e s u l t s  derived from measuring s o f t  protons obtained 
by  Davis and Williamson on t h e  s a t e l l i t e  "Explorer-l2" ( R e f .  1.5) i n  1961 
pr imar i ly  at lower l a t i t u d e s .  Due t o  t h e  considerable anisotropy of t h e i r  
d i s t r i b u t i o n  i n  t h e  geomagnetic f i e l d ,  t h e  expected i n t e n s i t y  a,long t h e  
"Elektron-1" o r b i t  w a s  approximately one order  of magnitude below t h a t  a t  
t h e  equator. 

Assuming t h a t  t h e  change i n  t h e  proton energy spectrum wi th in  
20' < < 30" (where i s  t h e  pitch-angle at t h e  equator) i s  i n s i g n i f i 
cant, w e  can formulate t h e  dependence of proton i n t e n s i t y  on B f o r  f ixed  
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Figure 7 

Comparison of Electron Flm Magnitude, Based on 1-1Data 
(E > 20 kev, a t  t h e  Envelope L - 7) With Three-Hour Values 
of t he  Planetary Magnetic Index Kp 

The Electron f luxes  increased s i g n i f i c a n t l y  only during mag
metica.lly perturbed periods.  

values  of L. An example of t h i s  dependence f o r  L = 3.0, and t h e  correspond
ing  an iso t ropic  d i s t r i b u t i o n  of s o f t  protons a t  t h e  measurement point  
c loses t  t o  t h e  equator �3 = 0.04 gauss, i s  shown i n  Figure 4. The anisotropy 
of t h e  d i s t r i b u t i o n  can be approximately described by  t h e  formula 
J(a) = Josinna, where n = 3.4 * 0.8. For purposes of comparison, it can be 
shown t h a t  t h e  value of n, obtained i n  ( R e f .  15) f o r  t h i s  point ,  i s  3.0. 

While the 1-2 proton ind ica to r  i n  t h i s  region d e f i n i t e l y  recorded only 
protons, e l ec t rons  having an energy of < 1.1Mev could make a c e r t a i n  con
t r i b u t i o n  to t h e  s i g n a l  of t h e  1-1e lec t ron  ind ica tor .  If it i s  assumed 
t h a t  t h e  1-1.indicator  s i g n a l  i s  pr imar i ly  caused by e lec t rons  with 
E < 1-1Mev, then  t h e  proton energy i n  the  zone must be no more than 250 kev, 
and t h e l r  f l u x  f o r  L = 3 and B = 0.04 gauss  must be no less than 

-2 
109par t i c l e~cm =see-1 . Such a la rge  value f o r  t h e  flux and t h e  form of t h e  



spectrum at the  P = 3 2 O  l a t i t u d e  i s  very improbable. If it i s  assumed, 
on t h e  other  hand, t h a t  t h e  1-1 ind ica tor  s igna l  (a~idkhe 1-2 ind ica tor  
s igna l )  i s  due pr imari ly  t o  protons i n  t h i s  region, then - by representing 
t h e  proton energy spectrum, according t o  ( R c ~ ? .  l5 ) ,  i n  t he  form 
N(E)dE - exp (-E/Z:,)dE and u t i l i z i n g  measurement da ta  obtained on 
"Elektron-1'' - one can obtain the  charac te r i s t ics  of t he  proton spectrum 
.softening with an increase i n  l a t i t ude .  The value of can be de te r 
mined by the  r a t i o  betweer; t h e  s igna ls  of t h e  two indicators .  These da t a  /411 
a re  p lo t t ed  i n  Figure 5 f o r  severa l  revolutions.  The measurement r e s u l t s  
obtained on "Explo:rer-12" are a l s o  p lo t t ed  i n  t h i s  Figure (Ref. 15).  The 
f igure shows tha t  t h e  data obtained on "Elektron-1" coincide with t h e  
r e s u l t s  derived f r o m  measuring t h e  proton spectrum on "Explorer-12" only 
when t h e  e lec t ron  f lux  of > 20 kev i s  considerably less than 

-2
3 - 1 0 8 p a ~ i c 1 e - c m  -see-1 . 
The maximwn proton flux, recorded a t  L = 3, (9 = 32OS w i t h i n  an 

accuracy of t h e  f a c t o r  - 2, equalled 1.5*108particle.cm-2 .see-'. Extra
polat ion t o  the  equator of t h e  d i s t r i b u t i o n  obtained a t  l a t i t u d e s  of 
@ > 3 2 O  depends on t h e  behavior of n, which can decrease considerably 
i n  the pre-equator ia l  region. In par t i cu la r ,  a d i s t r ibu t ion  with a maxi
mum a t  an intermediate l a t i t u d e  and a minimum at  t h e  equator ( the  form 
of the  i n t e n s i t y  dependence on the  pitch-angle a t  t h e  equator i s  s i m i l a r  
t o  a b u t t e r f l y  i n  t h i s  case) i s  even possible .  Nevertheless, it i s  
apparent t h a t  t h e  dens i ty  of t h e  soft proton energy close t o  t h e  equator 
must be no l e s s  than severa l  percents of t he  dens i ty  of t h e  geomagnetic 
f i e l d  energy at  t h e  equator. A decrease i n  t h e  recorded proton s igna l  
a t  L > 3 can be caused not only by a decrease i n  t h e  t o t a l  proton f lux,  
but  a l s o  by the  softening of t h e i r  spectrum, f o r  which a s igni f icant  
port ion of t h e  protons have an energy which i s  less than t h e  threshold 
f o r  the  1-2 ind ica tor .  

The p ic ture  of t h e  i n t e n s i t y  d i s t r ibu t ion  of s o f t  protons within an 
accuracy of our measurements w a s  formulated between January 30 and March 
5, 1964. It appgoximately coincides w i t h  t he  r e s u l t s  obtained by 
"Explorer-12" (Ref. 15) i n  1961, but  t he re  a r e  ce r t a in  systematic discrep
ancies, which may be caused by t h e  inaccurate determination,indicated 
above, of t he  absolute omnidirectional i n t ens i ty  under t h e  f l i g h t  condi
t i o n s  of "Elektron-l*'. /414 

4. Electrons at High Latitudes 

A t  L 2  4, t he  1-1ind ica tor  again began t o  record e lec t ron  s igna ls  
(which considerably exceeded the  1-2 ind ica tor  s igna ls )  i n  t h e  region of 
t h e  apogee, simultaneously with a decrease i n  the  s o f t  proton in t ens i ty .  
This e lec t ron  region extended up t o  the  zone of t he  aurorae po la r i s .  I n  
t h e  majority of cases, t he  s igna l  change did not exceed 1.5 times when 
acce lera t ing  voltage w a s  supplied; t h i s  ind ica tes  t h a t  t h e  mean e lec t ron  
energy w a s  g rea te r  than 20 kev. During magnetically quiet  days, t h e  1-1 
recorder s igna l  corresponded t o  an e lec t ron  i n t e n s i t y  which amounted t o  



5~106particle~cm-2~sec-1~sterad-l
(E > 20 kev). The f lux  m a x i m u m  w a s  
observed at L - 5-6, and f e l l  below lO"particle=cm-2 *sec - l=s t e rad - l  at 
L - 7-8 during departure  from the  zone (Tloca - 21-4 hours) and 
L - 9-11 when t h e  zone w a s  entered (Tlocal - 6-8hours).  A t  low a l t i 
tudes i n  t h e  northern hemisphere, where trapped p a r t i c l e s  ex is ted  f o r  
a shor t  period of time, t he  1-1 s igna l  w a s  below t h e  s e n s i t i v i t y  thresh
old when t h e r e  were no magnetic perturbatk2ns - i .e . ,  t h e  e lec t ron  
i n t e n s i t y  w a s  smaller than  l0"par-ticle-cm *sec- '-sterad-l  .(E > 20 kev). 
There was no observed dependence of t he  s i g n a l  magnitude on longitude 
f o r  L - 5-6. 

A t  l a r g e r  values of L - ?..e., at geomagnetic l a t i t u d e s  9 which 
were l a rge r  than a c e r t a i n  value of $ound. - t h e  1-1ind ica to r  s igna l  
usua l ly  f e l l  t o  values which were smaller than t h e  s e n s i t i v i t y  thresh
old. Figure 6 presents  t h e  dependence of t h e  boundary geoma'gnetic 
l a t i t u d e  (%ound.on l o c a l  time, corresponding t o  t h i s  flux value. LAG 

It can be seen t h a t  t h e  values of $ound. f a l l  within the  aurorae 
p o l a r i s  zone. Since the  s a t e l l i t e  i n t e r sec t ed  t h e  aurorae p o l a r i s  zone 
at a l o c a l  time of 21-8 hours at high a l t i t u d e s ,  only a por t ion  of a 
c i r c l e  was described. I t s  form ind ica t e s  t h a t  t h e  capture region 
boundary sh i f t ed  from the  geomagnetic pole t o  t h e  nocturnal  s ide  of t he  
Earth, by apparently no l e s s  than 5". The magnitude of t h i s  s h i f t  and 
t h e  c i r c l e  rad ius  (- 20°) coincide with da ta  on the  pos i t i on  of t he  
"instantaneous zone of t he  aurorae polar is" ,  obtained by 0. V. Khorosheva 
(Ref. 16), and with t h e  r e s u l t s  obtained on t h e  s a t e l l i t e  "Injun-3" 
(Ref. 17). 

The i g t e n s i t y  of s o f t  e lec t rons  i n  the  outer  zone region ( L  2 5) 
changed with time when the  magnetic a c t i v i t y  increased, sometimes increas
ing up t o  - 2°108cm-2.sec-1.sterad-1 (January 31, 1964) (E > 20 kev), and 
showing a s t a . t i s t i c a 1  dependence on the  magnetic index Kp (Figure 7).  
Durin magnetica.11 perturbed days, t he re  w a s  considerable e lec t ron  inten
s i t y  Tup t o  - 3-109par t ic le -em-2 -see-1 -sterad- ')  a l s o  a t  higher geomagne
t i c  l a t i t u d e s  up t o  9 NN 73" ( L  = 13). 

5. In t ens i ty  Variations During Magnetic Storms 

Very s ign i f i can t  sof t  e lec t ron  f luc tua t ions  a t  high a l t i t u a z s  were 
recorded during magnetic storms on January 31 and March 5, 1964. 

The f a c t  i s  very important t h a t  t h e  i n t e n s i t y  f luc tua t ion  amplitude 
considerably exceeded the  i n t e n s i t y  va r i a t ion  along t h e  force  l i ne .  These 
f luc tua t ions ,  consequently, could not be caused 'by r ed i s t r ibu t ion  of 
e lec t rons  with respect  t o  pitch-angles while t h e i r  number rema,ined the  
same. 

Considerable s igna l  v s r i a t ions  during periods of high magnetic 
a c t i v i t y  a r e  a,pparently r e l a t ed  t o  both s p a t i a l  nonuniformities of 
anomalous e l ec t ron  i n t e n s i t y  and to time f luc tua t ions ,  s imi la r ly  to 
t h e  d i s t r i b u t i o n  of t he  aurorae po la r i s .  A t  t h i s  same geomagnetic 



l a t i t ude ,  t h e  i n t e n s i t i e s  measured during t h e  same revolut ion can d i f f e r  
by  almost two orders  of magnitude. I n  severa l  cases, considerable 
streams of s o f t e r  e l ec t rons  were observed during t h i s  period, whose mean 
energy did not exceed 20 kev. Figure 8 shows flux measurements of e lec
t rons  with E > 20 kev during magnetic storms on January 31 and March 5, 
1964. The same figures present  changes i n  t h e  hor izonta l  component of 
t he  magnetic f i e l d  based on d a t a  from the  Voyeykovo Observatory 
(Leningrad) . 

During a storm on March 5, s igna l s  were recorded from soft e lec t rons  
at a l t i t u d e s  of 400-500 km i n  t h e  northern hemisphere, whose f l u x  amounted 
t o  107particle*cm-"*see-1 sterad-'.  With allowance fo r  a possible  e lec
t r o n  stream having smaller energies,  such a p a r t i c l e  stream could cause 
t h e  aurorae p o l a r i s  with an i n t e n s i t y  of 10 kilo-Rayleighs at X=5577 8, f o r  
- 2 0  seconds, i f  t h e  e l ec t ron  reserves i n  the  magnetosphere are determined 
by t h e  i n t e n s i t y  recorded during a magnetically quie t  period 
( 5 . 0 ~ 1 0 7 p a r t i c l e ~ c m - ~ ~ s e c - 1with E > 20 kev). A t  t h e  same t i m e ,  d a t a  from 
observations on the  Earth ind ica te  t h a t  t h e r e  w a s  a s ign i f i can t  aurorae 
p o l a r i s  f o r  s eve ra l  hours. Thus, t h e  absence of " su f f i c i en t  reserves"  of 
e lec t rons  i n  t h e  geomagnetic t r a p  at, high a l t i t u d e s  d i r e c t l y  refutes t h e  
hypothesis of aurorae p o l a r i s  formation due t o  e lec t ron  discharge from a 
r ad ia t ion  zone. 

It i s  apparent t h a t  during t h i s  aurorae p o l a r i s  a considerable por
t i o n  of t h e  e lec t rons ,  while exc i t i ng  luminescence, invade t h e  atmosphere 
from d i r e c t l y  outs ide (and not from t h e  capture region) .  Actually, t h e  
aurorae p o l a r i s  a r e  observed i n  a region which i s  c lose  t o  t h e  pole, where 
it i s  impossible f o r  corpuscles t o  be captured i n  t h e  t r ap .  The crosses  
i n  Figure 6 show t h e  pos i t ions  of t h e  %boundary" of p a r t i c l e  stream 
recordings from high l a t i t u d e s  during perturbed per iods.  It can be seen 
t h a t  at indivicl-ual moments a considerable e lec t ron  stream i s  observed at 
higher l a t i t u d e s  than during a macnetically quie t  period. On t h e  o ther  
hand, i n t e n s i t y  va r i a t ions  i n  t h e  s o f t  proton zone during magnetic 
storms on January 31 and March 5 were s m a l l ,  o r  were completely absent.  
Thus, during the  storm of March 5, only a very in s ign i f i can t  drop i n  
s o f t  proton in t ens i ty ,  wi th in  t h e  l i m i t s  of e r ror ,  w a s  observed f o r  t h e  
e n t i r e  2 < L < 4 region (no less  t h a n  a f a c t o r  of two). 

Conelusion /417 
Thus, r ad ia t ion  d i s t r i b u t i o n  i n  t h e  t r a p  of t h e  geomagnetic f i e l d  

along t h e  o r b i t  of  "Elektron-1" i n  January-March, 1964, can be s m a r 
ized as follows (Figure 1). 

A t  l o w  l a t i t u d e s  ( L  < 2)  c lose  t o  t h e  equator, t h e  predominant 
f ac to r  i n  p a r t i c l e  stream magnitude i s  e lec t rons  - those having a 
na tu ra l  o r i g i n  w i t h  an energy of 20-200 kev and a f l u x  of up t o  
2-109particle*cm-2=see-1 and those a r t i f i c i a l l y  in jec ted  during 
t h e  explosion on J u l y  9, 1962, with an energy of s eve ra l  Mev and a 
f lux  of up t o  2 ~ 1 0 8 p a r t i c l e ~ c m - ~ ~ s e c-1 . I n  t h i s  same region, t h e r e  a r e  
trapped protons with energies  of t e n s  and hundreds of Mev, and with a 
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Figure 8 

A Comparison of an Outer Zone Electron Stream ( L  > 5) 
With t h e  Pa t te rn  of the  Horizontal Component of t he  

Magnetic F ie ld  H Based on Data From t h e  Voyeykovo Observatory 

a - during a magnetic storm on January 31, 1964 ( there  
a re  no da,ta between 10-14 hours); b - s i m i l a r  p i c tu re  
during a magnetic storm on March 4-5, 1964. 

f l u x  of up t o  - 5~104particle~cm-2~sec-1( E  > 50 Mev). 

A t  mean l a t i t u d e s  (2 < L < 41, there  was a sharp increase i n  
t h e  stream of s o f t  protons having energies of severa l  hundred kev 
and up t o  no less than - l-08particleecm-2=sec-1at  l a t i t u d e s  of 



9 = 30-50" and no l e s s  than - 3*108 close t o  t h e  equator ia l  plane at 
L - 3. Their spectrum w a s  moderated toward high l a t i t udes .  

A t  higher latTtudes, t he re  were both protons and electrons,  and 
the  e lec t ron  component having a s m a l l  energy ( E  2 20 kev) w a s  very 
unstable,  p a r t i c u l a r l y  when geomagnetic a c t i v i t y  increased. 

The boundary of t h e  capture zone i n  the  geomagnetic f i e l d  during 
a magnetically quiet  period coincided with the  out l ines  of t h e  
"instantaneous" aurorae p o l a r i s  zone r e f l e c t i n g  d a i l y  magnetosphere 
asymmetry. 

A s  can be seen from these  data,  our concepts of p a r t i c l e  composi
t i on ,  t h e i r  flux, and even t h e  amount of t h e  so-cal led rad ia t ion  zones 
have undergone r a d i c a l  changes as compared with t h e  i n i t i a l  s tages  of 
research on these  phenomena. 

I n  conclusion, we would l i k e  t o  thank V. I. Krasovskiy, T. M. 
Mulyarchik, N. V. Dzhordzhio, M. L. Bragin, G. N. Zlot in ,  I. N. Kiknadze, 
I. D. Dmitriyeva, T. N. Zaglyadimova, A. K. Nazarova, and G. A. Bordovskiy 
f o r  t h e i r  great  ass i s tance  i n  t h e  work and f o r  valuable discussions.  
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P0SSIBI;E EXISTENCE OF A SOFT ELECTRON COMPONEKT I N  TKE 
OUTER RADIATION ZOrJE AND ITS VARIATIONS 

V. V. Bezrukikh, K. I. Gringauz, 
L. S .  Musamov, E. K. Solomatina 

The present repor t  presents  a port ion ol t he  r e s u l t s  derived from /418
measuring charged p a r t i c l e  streams on t h e  s a k e l l i t e  "Elektron-2" by means 
of a charged p a r t i c l e  t r ap .  This port ion of t h e  r e s u l t s  w a s  obtained 
when the  s a t e l l i t e  passed through t h e  outer  r ad ia t ion  zone during the  i n i 
t i a l  s tage of i t s  f l i g h t .  The r e s u l t s  obta.ined on other sect ions of t h e  
o r b i t  a r e  described i n  the  works (Ref. 1, 2) and are  also discussed a t  
t h e  present conference. The s tudies  (Ref. 1, 2) contain a b r i e f  descrrp-

We would l i k e  t o  note at t h i s  point t h a t  t het i o n  of t he  apparatus. 
e l e c t r i c  p o t e n t i a l  of t he  outer  g r id  of  a three-electrode t rap ,  which 
served as a sensor, equalled the  s a t e l l i t e  frame poten t ia l .  The po ten t i a l  
of t he  gr id  ins ide  the  frame w a s  100 v. Due t o  t h i s  f a c t ,  negative cur
r en t s  i n  t h e  t r a p  co l l ec to r  system could be created by e lec t ron  streams' 
with energies of E, 2 100 ev. 

When determining the  e lec t ron  f luxes  by the  negative co l lec tor  cur
ren t  recorded, one must keep the  f a c t  i n  mind t h a t  when the  t r a p  was 
illumina,ted by t h e  so l a r  u l t r av io l e t ,  i t s  inner gr ld  emitted photoelectrons 
which f e l l  on t h e  co l lec tor .  

I n  t he  i n i t i a l  processing stage, whose r e s u l t s  a r e  given i n  t h i s  
report ,  t he  authors were not able  t o  d is t inguish  between, and separate 
from the  primary data,  those measurements which corresponded t o  t h e  
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t r a p  pos i t i on  i n  t h e  shaded sec t ion  of the satcll i te.  Therefore, i n  order 
t o  allow f o r  t h e  influence of t h e  photocurrent from t h e  inner  g r id  when 
determining t h e  recorded e l ec t ron  f luxes,  photocurrent da t a  were used 'from 
experiments w i t h  s i m i l a r  t r a p s  on previous cosmic rockets.  The magnitudes 
of t h e  e lec t ron  fluxes, which . v i 1 1  be given l a t e r ,  represent  t he  lower 
l i m i t s  of t h e i r  poss ib le  values, s ince posi.tive ions which ?,?crease t h e  
observed negative current  could f a l l  i n t o  t h e  t rap ,  i n  addi t ion t o  e lec
t rons .  

When "Elektron-2" passed through t h e  outer  r ad ia t ion  zone, negative 
co l l ec to r  cur ren ts  were recorded i n  the  t rap ,  whose magnitude changed 
considerably from revolut ion t o  revolut ion.  On c e r t a i n  revolutions,  prac
t i c a l l y  no negative cur ren ts  were observed. A t  t he  same t i m e ,  t he  radi- /419 
a t ion  counters ca r r i ed  on t h e  same sa te l l i t e  (Ref. 3) indicated t h a t  t h e  
energet ic  p a r t i c l e s  recording rates (with E > 100 kev) were f a i r l y  s t ab le  
-	 i.?., they f luc tua ted  by 10%. T h i s  phenomenon i s  i l l u s t r a t e d  i n  Figures 
1-3. These f igu res  show t h e  co l l ec to r  cur ren ts  of t he  tra,p corresponding 
t o  the  outer  r ad ia t ion  zone on the  ascending sect ions of t h e  s a t e l l i t e  
o r b i t .  The dark hor izonta l  l i n e s  designate the  a l t i tude .  region corres
ponding t o  t h e  outer  r ad ia t ion  zone based on the  counter $at,. The 
l a rges t  s o f t  e l ec t ron  f lux  N i n  t h e  outer  r ad ia t ion  zone, during the  
per iod between January 30 and February l T 3  1964, w a s  recorded on January
31, 1964, and amounted t o  - 3-10Rcm-2*sec-1. The experimental r e s u l t s  
derive? during t h i s  per iod subs tan t ia te  t h e  assumption t h a t  t h i s  magnitude 
of t h e  s o f t  e l ec t ron  f lux  exceeds, by no l e s s  than one order of magnitude, 
t he  f l u x  of energe t ic  e lec t rons  trapped i n  t h e  outer  rad ia t ion  zone and 
consequently recorded by  t h e  r ad ia t ion  counter. These r e s u l t s  can be 
assumed t o  prove the , ex i s t ence  of a s o f t  component of e l ec t ron  streams i n  
t h e  outer  zone, whose v a r i a b i l i t y  i n  time i s  much g rea t e r  than t h e  varia
b i l i t y  of high-energy p a r t i c l e  streams. The compara,tively stable readings 
of p a r t i c l e  counters i n  t h e  outer  zone w i t h  E > 100 kev ind ica te  t h a t  t h e  
co l l ec to r  currents ,  recorded by  t h e  t r a p  i n  t h i s  same zone and changing 
g rea t ly  from revolut ion t o  revolution, a r e  formed by e lec t rons  having ener
g ies  which do not exceed 100 kev. 

The region containing t h e  s o f t  e lec t ron  streams recorded by t h e  t r a p  
always extends beyond t h e  l i m i t s  of t h e  outer  r ad ia t ion  zone boundary. 
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Figure 2 

Figure 3 

We would l i k e  t o  note t h a t  experimental r e s u l t s  on "Elektron-2" 
(Ref. 4) revealed sporadic rad io  emission, whose i n t e n s i t y  w a s  l a rges t  
a t  a frequency of 725 kc. The development of rad io  emission and i t s  
i n t e n s i t y  c lose ly  coincide with t h e  presence of s o f t  electron streams, 
t o  which the  present  a r t i c l e  i s  devoted. 

The exis tence of and proper t ies  of a s o f t  e lec t ron  component i n  the  
outer  rad ia t ion  zone requi res  fu r the r  study. 

The authors would . l ike  t o  thank S. N. Vernov, Yu. I. Logachev, 
E. N. Sosnovets, Ye. A. Benediktov, G. G. Getmantsev, and H. A. Mityakov, 
who kindly made it possible  f o r  us t o  examine t h e  r e s u l t s  of t h e i r  experi
ments before  publ icat ion.  
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TIME CHANGES I N  THE OUTER RADIATION ZONE OF THE EARTH BASED ON 
DATA mm THE "EIJETRON" S A T E ~ E S  

S. N. Kuznetsov, E. N. Sosnovets, V. G. Stolpovskiy 

Variations of t h e  outer  rad ia t ion  zone have been studied by many /420 
authors both at high, and low a l t i t udes .  

In August-September, 1959, t h e  outer  rad ia t ion  zone var ia t ions  
were s tudied by t h e  s a t e l l i t e  "~xplorer -6"  (Ref. 1, 2) .  It w a s  found 
t h a t  t he  outer  rad ia t ion  zone has two m a x i m a  located, respect ively,  at 
Lw2.5-3.3 and 3.1-4 at d i f f e ren t  times. The space between t h e  outer  
and inner zones i s  located a t  L z  2-2.5; t h e  outer  boundary of t h e  zone 
i s  located at L M 6.7-7.5. During magnetic perturbations,  t h e  i n t e n s i t y  
changed by one order of magnitude. Polar geomagnetic per turbat ions and 
in t ens i f i ca t ion  of t h e  aurorae p o l a r i s  br ightness  correspond t o  a change 
i n  the  zone boundary pos i t ion  and t o  var ia t ions  i n  t h e  Geiger counter 
recording r a t e  when t h e  s a t e l l i t e  approached the  zone boundary. 

Between October, 1959, and December, 1960, t h e  outer rad ia t ion  zone 
w a s  studied by the  s a t e l l i t e  "Explorer-7", f l y ing  a t  an a l t i t u d e  of- 1000 km (Ref. 3). It w a s  found t h a t  during magnetically quiet  days 
the  outer zone maximum w a s  located a t  L x 4, and t h e  zone maximum sh i f t ed  
t o  L z 3 when t h e  magnetic per turbat ion increased. The deviat ion of  
t he  magnetic f i e l d  at equa to r i a l  s t a t ions  from the  quiet  day level, v, ( a  
current r ing  f i e l d )  w a s  used as t h e  measure of geomagnetic perturbation. 
It was a l s o  found t h a t  f o r  L 2 4 t h e  coef f ic ien t  f o r  t h e  cor re la t ion  
between 1g v (1g v = $) and t h e  i n t e n s i t y  a t  an envelope w a s  approximate
l y  -0.4-0.5. When L decreased t o  2.5, t h e  cor re la t ion  coef f ic ien t  
changed t o  W.4. Data on "~xp lo re r -6"and ttExplorer-7ttwere obtained by 
Geiger counters which d i r e c t l y  recorded electrons with m . 9  and 1.6 Mev. 
Low-energy e lec t rons  were recorded according t o  braking rad ia t ion .  

Beginning i n  August, 1961, up t o  1963, t h e  rad ia t ion  zones were 
studied by t h e  s a t e l l i t e s  "Explorer-12" and ttExplorer-14tt, f l y i n g  at 
dis tances  of 14 R, i n  t he  equator ia l  plane, and by t h e  s a t e l l i t e s  
ItInjun-l" and "Injun-3", f l y ing  a t  an a l t i t u d e  of S 1000 km. Generali
zat ion of t h e  ex i s t ing  data produced t h e  following p ic ture  of zone 
s t ruc tu re  (Ref. 4). 

O n  t h e  d iu rna l  s ide,  t h e  zone extends t o  a dis tance of 10 Re., and 
on t h e  nocturnal s ide  - t o  a dis tance of 7 Re. Beginning a t  severa l  
thousand kilometers up t o  t h e  outer  boundary of t he  o;ter rad ia t ion  
zone, t he  f l u x  of e lec t rons  with E > 40 kev equals 10 cm-2*sec-1, within 
an accuracy of t h e  f a c t o r  2-3. Electrons w i t h  E >1 .6  Mev have a 
maxi" i n  t h e  region of 4-5 Re. 

A t  higg l a t i t udes ,  t h e  zone terminates on t h e  d iu rna l  s ide  a t  
Ageom. x 75 , and on t h e  nocturnal  s ide - at  Ageom. z 6 9 "  (Ref. 5 ) .  The 
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flux of e lec t rons  with E > 40 kev increases  with an increase i n  magnetic 
a c t i v i t y  (Ref. 6, 7). There i s  no cor re la t ion  between t h e  behavior of 
high-energy e lec t rons  and a change i n  magnetic a c t i v i t y .  

It i s  thus  apparent t h a t ,  when da ta  from t h e  "Elektron" s a t e l l i t e s  
are  processed, it i s  necessary t o  e s t a b l i s h  a concrete conection between 
geomagnetic per turbat ions and phenomena occurring i n  t h e  zones, i n  
addi t ion to studying t h e  zone va r i a t ions  i n  time. 

Data obtained between January 30-February 23, 1964, have now been 
processed provis ional ly .  The present a r t i c l e  employs t h e  parameters Of 
SC-1, GC-1, and OSC-1, given i n  Figures 4 and 5 i n  (Ref. 9). When 
studying t h e  outer  r ad ia t ion  zone, we employed t h e  McIlwain coordinates 
computed i n  t h e  dipole  approximation, although they could be erroneous 
due t o  d i s t o r t i o n  of t h e  Earth 's  magnetic f i e l d  by t h e  so l a r  wind. 
However, when da ta  from t h e  s a t e l l i t e  "Explorer-l8" ("IMP-1")(Ref. 8) /421 
and from t h e  s a t e l l i t e  "Elektron-2" (February 16, 1964) on t h e  zone s t ruc
t u r e  on t h e  morning s ide  of t he  Earth were compared, it w a s  found t h a t  t he  
zone boundary begins at one and t h e  same L x 10 c lose  t o  t h e  equator and 
a t  t h e  geomagnetic l a t i t u d e  - 50°. 

An i r r egu la r  stream beyond t h e  zone boundary was recorded by both 
s a t e l l i t e s  at one and t h e  same L ( i n  s p i t e  of t h e  f a c t  t h a t  t h e  s a t e l l i t e s  
recorded e lec t rons  of d i f f e r e n t  energies).  Consequently, it i s  possible  
t o  employ L, B-coordinates on t h e  morning s ide  of t h e  Earth - at least up 
t o  L x  14  during magnetically quiet  periods.  It can be expected t h a t  t h e  
d i s t o r t i o n  of Lenvelopes i s  a l s o  in s ign i f i can t  on t h e  nocturnal s ide  of 
t he  Earth. 

This a r t i c l e  s tud ies  t h e  outer  r ad ia t ion  zone va r i a t ion  on t h e  
nocturnal s ide  of t he  Earth. The outer rad ia t ion  zone occupies the  region 
L 3.5-7 from t h e  nocturnal s ide of t h e  Earth and L M 3.5-10 - from t h e  Imorning s ide  of  t he  Earth. The outer  zone m a x i m u m  i s  located a t  
L x 4.2-5.2. "Elektron-2" recorded the  outer  zone maximum at  somewhat 
la rger  L than d id  "Elektron-1" (Ref. 9 ) .  

During magnetically quiet  periods, t h e  form of t h e  zone did not 
change from i t s  m a x i m u m  t o  L x  6. The main changes occurred i n  t h e  
zone a t  L > 6. 

The "Elektron'' s a t e l l i t e s  studied t h e  int 'ensity va r i a t ions  i n  t h e  
recordings of d i f f e r e n t  equipment at t h e  zone maximum, var ia t ions  i n  t h e  
pos i t ion  of t h e  zone max imum,  and i t s  boundaries. The connection between 
these var ia t ions  and geomagnetic per turbat ions was also invest igated.  

Figure 1presents  da ta  on the  change i n  e lec t ron  i n t e n s i t y  at the  
zone maximum,  and on t h e  change i n  the  magnetic a c t i v i t y  index ($-index 
and F-index - t h e  mean index of magnetic a c t i v i t y  according to t h e  
College and Murmansk Stat ions - a re  p lo t t ed ) .  It can be noted t h a t  t he  
recording r a t e  of t h e  s c i n t i l l a t i o n  de tec tor  and t h e  Geiger counter rate 
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Figure 1 

decreased with an increase i n  magnetic a c t i v i t y .  However, the  de t ec to r  
recording rates sometimes increased during g rea t  magnetic a c t i v i t y  (for 
example, on February 6, 1964, 2 hours UT). During magnetic storms 
with a sudden commencement, t h e  i n t e n s i t y  decreased, which began almost 
immediately af ter  t h e  sudden commencement and terminated during t h e  
m a x i m u m  development of t h e  main phase of t h e  storm. The i n t e n s i t y  may 
thus d.ecrease by one order  of magnitude. 

The non-monotonic i n t e n s i t y  decrease during t h e  storm on February 
12-13, 1964, can be explained by t h e  developvental  f ea tu re s  of t h i s  
storm (a decrease i n  mamet ic  perturba,t ion between the  sudden commence
ment and t h e  main phase of t h e  storm). After t h e  i n t e n s i t y  decrease,  
during the  magnetic a c t i v i t y  decrease t h e  i n t c n s i t y  increased by a 
f ac to r  of approxima,tely two a t  t h e  zone maximum during one day. T h i s  
phenomenon w a s  observed af ter  a polar  storm on January 31, 1964, 
m.d a f t e r  a ctorm on February 12-13 and Febnlary 20, 1964. "is phe
nomenon may be used t o  form an opinion regarding the  magnitude of r eve r s i 
blc var i a t ions  i n  t h e  zone. Af'ter th is ,  t h e  zone i n t e n s i t y  changed m11ch 
more slowly. 

The pos i t i on  of t h e  ou te r  zone m a x i m u m  changes s l i g h t l y  with a 
change i n  magnetic per turba t ion  (see Figure 2, which shows va r i a t ions  
i n  t h e  m a x i m u m  pos i t i on  and i n  t h e  outer  zone boundary based on d a t a  
from t h e  "Elektron" sa te l l i t es ) .  However, during magnetic storms on 
February E-1.3 and February 20, 1964, t h e  zone m a x i m u m  moved t o  smaller 
L x  3.8-4. The zone boundary w a s  more sens i t i ve  t o  chTnges i n  t h e  mag
metic environment. The zone boundary may be regarded as t h e  point  at  
which t h e  GC-1 counter recording exceeded t h e  background recording by  
more than 5 impulses, which corresponds t o  a stream of e l ec t rons  with 
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E > 100 kev - 105cm-"*sec-1. As  was shown i n  (Ref. lo), t h i s  leads t o  
an ins ign i f i can t  e r r o r  i n  determining t h e  zone boundary o n t h e  nocturnal 
s ide  of t h e  Earth. With an increase i n  t h e  magnetic a c t i v i t y ,  t h e  zone 
boundary. moves t o  smaller L, both at high and low a l t i t udes .  Thus, t h e  
motion of t h e  zone boundary corresponds more c lose ly  with K, determined 
by t h e  high-lat i tude s ta t ions .  However, t h e  coef f ic ien t  equals approxi
mately 4.0%,which coincides with t h e  d a t a  i n  (Ref. 3). When t h e  magne- /423 
t i c  a c t i v i t y  increased, t h e  zone boundary w a s  sometimes observed at large 
L. This phenomenon i s  apparently r e l a t ed  t o  the  occurrence of i r r egu la r  
e lec t ron  streams beyond t h e  zone boundary, which d i r e c t l y  $ouch t h e  zone 
and which we cannot d i s t inguish  from t he  zone. For example, on January 
31, 1964, at approximately 18 hours UT, = 5 t h e  zone boundary -

foraccording t o  "Elektron-1" da ta  - was located5t L x 8, and up t o  L x 12.4 
-1
t he re  were powerful irregular streams with an i n t e n s i t y  of 107cm-2=sec 

fo r  e lec t rons  with E > 100 kev. Since t h e  satel l i te  "Elektron-2" i n t e r 
sected the  zone boundary i n  t h e  eas te rn  hemisphere, t h e  s t a t i o n s  Kheysa, 
Dickson, Chelyuskin, T i k s i ,  and Uelen were selected for a 

de ta i l ed  ana lys i s  of t he  magnetic environment when t h e  s a t e l l i t e  i n t e r 
sected t h e  zone boundary. The analysis  was performed between January 30 
and February 16. The ana lys i s  da ta  a r e  shown i n  Figure 3. L, at which 
t h e  zone boundary w a s  located, i s  p lo t ted  on t h e  abscissa  axis. The 
p r o t a b i l i t y  t h a t  t h e  magnetic f i e l d  w i l l  be perturbed a t  t h e  moment when t h e  
s a t e l l i t e  i n t e r s e c t s  t h e  zone boundary i s  p lo t t ed  on the  ordinate  axis. 
There were two types of perturbat ion a t  these  s t a t ions :  Ei ther  magnetic 
bays were observed (it i s  assumed t h a t  magnetic bays. ind ica te  t h e  

presence of aurorae p o l a r i s  near t h e  st.a.tion [Ref. ll]), or t r a i n s  of 
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magnetic f i e l d  f luc tua t ions  were observed with an amplitude of severa l  
t ens  of gammas and with a period of severa l  minutes lar ; t ing - 0.5-1 hour. 
Line 1 gives t h e  probabi l i ty  f o r  t h e  appearance of both types of per tur 
ba t ion  f o r  a given boundary posi t ion.  Line I1 gives the  probabi l i ty  f o r  
t h e  appearance of bays. The numbers above each histogram i n t e r v a l  ind i 
cate  t h e  number of cases when t h e  zone boundary w a s  located a t  a given 
i n t e r v a l  of L. I n  t h e  case of L > 7, only bays were observed; however, 
t he re  were four  such cases. The zone boundary w a s  determined f o r  e lec
t rons  with energies of > 100 kev. The aurorae po la r i s  produced e lec t rons  
with E FZ 10 kev. It can be seen t h a t  both sof t  and harder e lec t rons  pour 
out c lose t o  t he  zone boundary. "Injun-1" establ ished t h e  f a c t  t h a t  
during magnetic storms, when t h e  zone boundary moves t o  smaller l a t i t udes ,  
t he re  i s  intense ionosphere absorption of' r ad io  noise close t o  the  zone 
boundary. This radio noise i s  apparently caused by electrons which a re  
pouring out (Ref. 12). The "Elektron" s a t e l l i t e s  discovered t h a t  t h i s  
pouring out process occurs c lose t o  the boundaries i n  a quie t  environment. 
During magnetic storms, t h e  zone moves most sharply toward s m a l l  L. Dur
ing the  magnetic storm on February 20, 1964, t h e  zone boundary on t h e  /424 
nocturnal s ide  w a s  located a t  L - 4.5 (see Figure 2 ) .  A t  20 hours 51 min
u t e s  UT, t he  zone boundary moved t o  L - 5.5, and during t h e  next passage 
it w a s  again a t  L - 4.5. Not one of t h e  s t a t ions  indicated above observed 
magnetic storms or s igni f icant  f i e l d  f luc tua t ions  a t  t h i s  time. This means 
t h a t  t h e  pumping of p a r t i c l e s  i n t o  t h e  zone and t h e i r  discharge could take 
place f o r  < 3 hours c lose t o  t h e  zone boundary. 

\ 
It i s  c l e a r  from t h e  statements given above t h i t  t h e  outer  r ad ia t ion  

zone i s  very sens i t i ve  t o  the  magnetic environment. The space between t h e  
outer  and inner zones apparently demarcates t h e  magnetosphere regions i n  
which trapped r ad ia t ion  behaves d i f f e ren t ly .  I n  order t o  v e r i f y  t h i s  
assumption, t h e  time va r i a t ions  at  t h e  outer  zone m a x i m u m  and at L w 2.75 
were compared close t o  t h e  space between the  zones where a high-energy 
e lec t ron  zone w a s  discovered (Ref . 9) (see Figure 4) .  The S C - 1  counter 
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records pr imari ly  e'lectrons with E > 6 MeV. It can be seen t h a t ,  i n  
s p i t e  of s ign i f i can t  f h t u a t i o n s  i n  the  outer  zone of both the  GC-1 
and t h e  SC-1, t h e  BC-1 recording at L FZ 2.75 bare ly  changed throughout 
t h e  observat ional  period. 

The monotonic decrease i n  the  SC-1  recording at L e  2.75 can be 
expkined  by an increase i n  t h e  e l e c t r i c  threshold by a f ac to r  of 
approximately 2 throughout t he  period, s ince close to t h i s  space the  
mean e lec t ron  energy i s  much l e s s  than at t h e  outer  zone maximu:.,. 

Thus, t h e  "Elektron" s a t e l l i t e s  have establ ished t h e  scale  of 
time var ia t ions  i n  t h e  r ad ia t ion  zones during a quLet Sun year, and 
have found a connection between c e r t a i n  va r i a t ions  and geomagnetic 
phenomena. 
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IRREGULAR HIGH-ENERGY ELECTRON STREAMS NEAR THE BOUNDARY OF 
THE RADIATION ZONES O F  THE EAIZCH 

S. N. Vernov, A. Ye. Chudakov, P. V. Vakulov, So N. 
Kuznetsov, Yu. I. hgachev, E.N. Sosnovets, V. G. Stolpovskiy 

When s a t e l l i t e s  having an apogee a l t i t u d e  of - 10 and grea te r  /425 
studied t h e  r ad ia t ion  zones, it was found t h a t  e lec t ron  streams a re  
f requent ly  observed beyond t h e  outer zone boundary, which a re  i r r egu la r  
i n  time and which f luc tua te  grea%ly i n  magnitude. The f irst  systematic 
invest igat ions of t h e  regioq beyond t h e  r ad ia t ion  zone boundaries w a s  
ca r r ied  out on t h e  American s a t e l l i t e s  'kxplorer- l2"  and "Explorer-14" 
from t h e  end of 1961 t o  August, 1963. These s a t e l l i t e s  performed mea
surements pr imari ly  from t h e  diurnal side, and produced the  following 
r e s u l t s  (Ref. 1-6). 

1. There i s  a sharp boundary of trapped e lec t rons  with an energy 
,of > 40 kev on t h e  d iu rna l  s ide  a t  a d is tance  of 10-11Re. The elec
t r o n  i n t e n s i t y  decreases from 107-108cm-" -see-1 t o  - iO*~m-"*sec-~at  
a dis tance of - 0.2 Re. On t h e  nocturnal s ide,  t h e  boundary extends 
t o  6-7 Re

2. The abrupt e lec t ron  decrease coincides with t h e  boundary of 
t h e  regular  magnetic f i e l d  (magnetosphere). Beyond t h i s  boundary, 
t h e  d i r ec t ion  and magnitude of t he  magnetic f i e l d  change considerably. 

3. The region beyond t h e  magnetosphere boundary, which extends t o  
2-3 Re, i s  ca l l ed  a t r a n s i t i o n a l  region. Electron streams are  frequent
l y  observed i n  t h i s  region with an energy of > 40 kev and magnitude 
between - 5 lo3em-" sec-land - lo5em-' see-' 

4. There i s  a pos i t i ve  cor re la t ion  between t h e  appearance of 
e lec t ron  b u r s t s  and geomagnetic per turbat ion.  

Thus, f o r  example, i n  31 out of t h e  63 f l i g h t s  of t h e  s a t e l l i t e  
"Explorer-14" e lec t ron  streams were observed beyond t h e  rad ia t ion  zone 
boundary, while t h e r e  were no streams observed i n  t h e  remaining f l i g h t s .  
For t h e  f irst  case, t h e  mean %-index w a s  - 2.5; f o r  t he  second case 
1.5 or l ess .  Thus, even 6 years after t h e  so l a r  a c t i v i t y  maximum (1963), 
t h e  probabi l i ty  f o r  t$e occurrence of i r r e g u l a r  streams i s  - 50%. It /426 
can be assumed t h a t  during years of maximum s o l a r  a c t i v i t y  t h e  t r a n s i t i o n a l  
region i s  almost always occupied by e lec t rons  having an energy of > 40 kev. 
However, t h i s  phenomenon only makes it more d i f f i c u l t  t o  c l a r i f y  t h e  nature 
of t he  p a r t i c l e s ,  s ince t h e  d i f f e ren t  so l a r  phenomena occur too  frequently,  
and one event i s  superimposed on another. 

I n  t h i s  respect ,  t h e  s tudies  performed on t h e  Soviet s a t e l l i t e s  
"Elektron-1" and "Elektron-2", which were launched i n  a year of minimum 
s o l a r  a c t i v i t y  (1964), provided b e t t e r  r e s u l t s  than preceding experiments. 
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Figure 1 

Example' of "Elektron-2" Fl ight  Through the  Zone 
Boundary From t h e  Nocturnal and Morning Sides 

The d i r e c t  recording of e lec t rons  with Ee > 70 kev 
(OSC-1)  i s  compared with t h e  recording of braking 
r ad ia t ion  of t h e  e lec t rons  (SC-1)  with �y > 30 kev. 

The two-sa te l l i t e  system has t h e  advantage t h a t  it i s  thus  poss ib le  t o  
study simultaneously r ad ia t ion  a t  two d i f f e ren t  po in ts  i n  space. The 
s a t e l l i t e s  "Elektron-1'' and "Elektron-2" were launched so t h a t  t h e i r  
apogee, during the  f i r s t  period a f t e r  launch, occurred a t  approximate1
3 hours am l o c a l  time. On forward revolutions (from perigee t o  apogee 
t h e  r ad ia t ion  zone boundary w a s  in te rsec ted  exact ly  a t  midnight, and on  
reverse ' revolutions it w a s  in te rsec ted  a t  7-8 hours i n  t h e  morning. 

This repor t  presents  t he  r e s u l t s  per ta in ing  t o  t h e  f irst  month i n  
which t h e  s a t e l l i t e s  were i n  operation. The spectrum of e lec t rons  
recorded beyond t h e  zones i s  considerably s o f t e r  tha,n i n  t h e  zones them
selves .  Therefore, those de tec tors  which had the  g rea t e s t  s e n s i t i v i t y  
(SC-1, GC-1, OSC-0, OSC-1, SD-0) were pr imari ly  used t o  analyze t h e  
r e s u l t s .  Detailed information on the  apparatus ca r r i ed  on board t h e  
s a t e l l i t e s  i s  given i n  (Ref. 7) (see page 535 of t h e  present co l lec t ion) .  
The inner s c i n t i l l a t i o n  counter ( S C )  recorded individual  events with an 
energy E b e r a t i o n  of > 30 kev. The Geiger counter (GC-1)  could record 
only e lec t ron  braking r ad ia t ion  which penetrated t h e  s a t e l l i t e  frame 
having a thickness  of -1g-cm -2A l .  Two s c i n t i l l a t i o n  counters (0% and 
SD) were locaked on the  outs ide of t h e  s a t e l l i t e .  These counters could 
record e lec t rons  penetrat ing d i r e c t l y  i n t o  a c r y s t a l  through t h e  f o i l  Of- 2mg-cm-2m.Ionization i n  t h e  c r y s t a l  w a s  measured i n  both instruments, /427 
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I r r egu la r  Stream of Electrons Beyond t h e  Zone Boundary 
on January 31, 1964 During a Polar Storm 

SD-0 - Energy l i b e r a t i o n  i n  the  CsJ(T1)  0 . 1 5 ~ 6m m  c r y s t a l  behind a 
sh ie ld ing  of 2 mg-cm-"Al (ev-sec-1); SC-1 - counter readings of Y
quanta > 30 kev behind a shielding of - 1g.cm-"Al; GC-1 - Geiger 

counter behind a sh ie ld ing  of - 2.35 g*cm-'Al 

and e lec t rons  having an energy above t h e  given energy could be recorded 
i n  t h e  OSC device. The most s ens i t i ve  channel of  t h e  OSC recorded elec
t r o n s  having an energy exceeding - 70 kev. 

When t h e  d a t a  per ta in ing  t o  the  midnight meridian were analyzed, it 
w a s  found t h a t  t h e  e lec t ron  i n t e n s i t y  decreases by 2-3 orders  of magni
tude i n  a narrow r a d i a l  d i s tance  range a t  t h e  outer  zone boundary. Since 
fhe  OSC operated throughout a revolution, it w a s  not possible  t o  de t e rmhe  
t h e  zone boundary a t  each revolut ion d i r e c t l y  from e lec t rons  0-T E, > 70 kev. 
However, on those revolut ions where t h e  OSC was i n  operation, it w a s  
found t h a t  t h e  zone boundary determined by e l ec t rons  with E > 70 kev 
r a c t i c a l l y  coincided with t h e  boundary given by t h e  parameger SC-1 

?Figure 1) which recorded Y-quanta of > 30 kev. Since t h e  electroll  inten
s i t y  on t h e  nocturnal  s ide  f e l l  very abruptly,  it does not matter what i s  
assumed t o  be t h e  boundary. A s  can be  seen from Figure 1, the re  i s  no 
such sharp i n t e n s i t y  decrease f o r  t h e  morning s ide  and, generaly speaking, 
it i s  not c l e a r  which poin t  can be assumed t o  be the  zone boundary. The 
counter readings of y-quanta (SC-1) were employed f o r  f u r t h e r  analysis ,  
and t h e  zone boundary w a s  assumed t o  be  t h e  poin t  a t  which t h e  SC-1 record
ing  w a s  5-10" imp-sec-1, which was approximakely t e n  t imes g rea t e r  than t h e  
background. A comparison of t he  OSC-1 and SC-1 r e s u l t s  shows t h a t  t h e  
l a t t e r  recorded e lec t rons  with an  energy of -100 kev with an e f f ic iency  of- The counter recording of primary cosmic r ad ia t ion  was 9 0  imp-sec-l. 
I n  order  t o  m a k e  a r e l i a b l e  determination of a supplementary e lec t ron  stream, 
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Figure 3 

Electron Burst a t  a Distance of About. 5O,OOO km on 
February 7, 1964 a t  Three Hours World Time 

it w a s  necessary t h a t  t h e  recording exceeded t h i s  background by approxi
mately a f a c t o r  of 2 - i .e.,  100 imp-sec-l. The c r y s t a l  surface w a s  4.7 cm2 
and, consequently, t h e  minimum flux of recorded Y-quanta with an energy 
of > 30 kev w a s  - 10 q~~antumBcm-2-sec-1,under t h e  condition t h a t  t h e  
de tec tor  w a s  comprehensive enough. The corresponding minimum f l u x  of e lec t rons  
with an energy of - 100 kev w a s  - 1O4el*cm-"-sec-l. 

On t h e  'basis of t h e  c r i t e r i o n  advanced above f o r  determining t h e  zQne 
boundary, it w a s  es tab l i shed  t h a t  during quie t  da.ys t h e  r ad ia t ion  zone 
terminated a t  L = 6.5-7.5 on t h e  nocturnal  s ide  of  t h e  Earth. On t h e  morn
ing s ide,  t h e  zone boundary extended on thearerage t o  L = 9-10. (Here L 
i s  t h e  condi t iona l  McIlwain parameter computed i n  t h e  dipole  approximati nn 
and expressed i n  Earth r a d i i ) .  

Figure 1, which shows an example of an "Elektron-2f' f l i g h t  through 
t h e  zone during a quie t  day, uses  arrows t o  designate t h e  boundary posi
t i o n  on t h e  nocturnal  and morning sides. The similar d i f fe rence  i n  t h e  
boundary pos i t i on  on t h e  nocturnal  and morning sides coincides with t h e  
r e s u l t s  derived i n  previous works ( R e f .  1-6) 

Figures 2-5 present  s eve ra l  cases  i n  which e l ec t ron  streams were 
recorded beyond t h e  zone boundary. Figure 2 shows a f l i g h t  on January 
31, 1964 during a po la r  storm, which began at 9 hours 23 minutes UT.  It 
i s  i n t e r e s t i n g  t o  note  here  t h a t  i n  t h e  w i d e  s p a t i a l  region from 
L = 7 t o  L = 12 the f l u x  magnibide - although it f luc tua ted  - remained 
on one and t h e  same level on t h e  average. On t h e  Earth 's  surface th i s .  
would correspond t o  t h e  geomagnetic l a t i t u d e  region from - 68" t o  73.5O. 
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Figure 4 

Stream of Electrogs at k r g e  Geomagnetic I a t i t udes  
of 50 on February 7, 1964 

OSC-0 - Ionizat ion i n  a CsJ(T1)  3x6 mm c r y s t a l  behind 
a shielding of 2 mg.cm'" Al (ev-sec-1 ); SC-1 and OSC-1, 
see t h e  captions f o r  Figures 1and 2. 

Figure 3 shows a f l i g h t  on February 7, 1964, when an e lec t ron  stream 
w a s  recorded at  a dis tance of - 50 thousand km from t h e  surface of t h e  
Earth. Two e lec t ron  b u r s t s  can be seen very c l e a r l y  here, and t h e  braking 
rad ia t ion  recording increased by approximately one order of magnitude. 

Figure 4 shows an i r r egu la r  stream recorded on "Elektron-1" a l so  
on February 7, 1964, but  during a d i f f e r e n t  period of time. The OSC device 
operated on t h i s  revolution, and t h e  parameter of OSC-1 recorded electrons 
penetrat ing t h e  c r y s t a l  d i r e c t l y  through a f o i l  of 2 mg-cm-" A l .  It i s  
in t e re s t ing  t o  note t h a t  t h e  OSC-0 ion iza t ion  maximum shi f ted  somewhat 
with respect  t o  t h e  maximum of t h e  OSC-1 and SC-1 recording channels. This 
can apparently be explained by t h e  f a c t  t h a t  t h e  energy composition of t h e  
stream w a s  heterogeneous and t h e  e lec t ron  spectrum was very s o f t  a t  t h e  /42$
first moment. It can a l s o  be seen from t h e  f i g u r e  t h a t  t h e  s a t e l l i t e  i n t e r 
sected t h e  stream on t h e  reverse revolution. However, i f  t h e  maximm.  w a s  
located at L 8-9, according t o  t h e  SC-1 and OSC-1 parameters, on t h e  
forward revolution, then on t h e  reverse revolut ion it w a s  located a t  
L = 9-10, It i s  possible  t h a t  t h i s  i s  r e l a t ed  t o  t i m e  changes, but  it may 
a l so  be assumed t h a t  t h i s  s h i f t  i n  t h e  m a x i m u m  w a s  caused by inaccurate 
information on t h e  d r i f t  envelope of e lec t rons  as they move around t h e  
Earth . 

Figure 5 i l l u s t r a t e s  t h e  c l ea re s t  recording of e lec t ron  bursts  on 
February 16, 1964. This f l i g h t  pertained t o  an unperturbed day, and when 



Figure 5 

I r r egu la r  Stream of Electrons i n  a Wide Region of 
Radial Distances from L x 6.5 t o  L x l 3 . 5 ;  5 = 2 

Notation i s  t h e  same as i n  Figure 2. 

t h e  streams were observed $ = 2. The s p a t i a l  region i n  which a perturba
t i o n  w a s  observed extended from L x  6.5 t o  L w 1 3 . 5 .  

The American s a t e l l i t e  f'Explorer-18" flew simultaneously with the  
satellites "Elek t  ron' 1" and "Elekt ron- 2 I t .  Unfortunately , t he  study 
(Ref. 8) does not give t h e  exact f l i g h t  t i m e  of t h e  s a t e l l i t e  through 
the  region i n  which we a re  in te res ted .  Nevertheless, we have t r i e d  t o  
compare our measurements with t h e  "~xplorer -18"data  during one of t h e  
' f l i g h t s .  Figure 6 presents  t h e  r e s u l t  of t h i s  comparison. Although 
the  s a t e l l i t e s  flew at  d i f f e ren t  l a t i t udes ,  t h e  d i s t r ibu t ion  of e lectrons 
with E, > 45 kev, according t o  "Explorer-18", and the  d i s t r ibu t ion  of 
e lectrons w i t h  E, > 70 kev, according t o  1fElekt r~n-2 t1 ,were qui te  s i m i l a r .  
The s m a l l  d i f ference can be apparently explained by t h e  d i f f e ren t  f l i g h t  
time through t h i s  zone. 

The Table presents  information on t h e  most i n t e re s t ing  non-stationary 
stream recorded between January 30 and February 23, 1964. 

Figure 7 presents  t h e  general  p ic ture  of t h e  rad ia t ion  :one boundyJ
and t h e  occurrence of i r r egu la r  streams, based on data from Elektron-2 . 
This same f igu re  p l o t s  - indices and AT, showing t h e  extent t o  which t h e  
r e a l  magnetic f i e l d  of 2t e Earth - measured on "Elektron-2" - d i f f e r s  from 
t h e  dipole  f i e l d .  These da ta  were kindly given t o  us by Sh. Sh. Dolginov 
and Ye. G. Yeroshenko. 

It can be seen from t h e  f igure  t h a t  t h e  occurrence of i r r egu la r  
streams outside of t h e  zones of t h e  Earth coincides with an increase i n  
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Cross Section of t h e  Zone and P ro f i l e  of Electrc  Streams at 
Different Latitudes, Based on Data From "Elektron-2" and 'kxplorer-18" 

TABLE 
- - -__ . . . - .  . . .  . .  . . . . - . . 

Projection 
Crossing t h e  Stream Maximum Ion northern 

Date S a t e l l i t e  I Hemisphere 
. 

h r  
t,. Xgeogr hgeogr 
- . - . ~ ~. - .  . 

1/31 "Elektroii-1" 18 20 7100 -51" f l 2 2 O  10 78" +l22O 
2/7 "Elekt ron-2 3 00 46900 -39.5 -30 11.2 63 -60 

3 30 50000 -41.5 -36 12.3 65 -65 
"Elektron- 1"16 46 7100 -48 + E 5  8.8 77 + E 5  

1.7 15 6300 -61 4-175 9-7  70 -138 
2/13 "Elektron-1" 3 02 6400 -61 13 6-3 58 -44 

3 06 6200 -60 23 6.4 59 -40 
"Elek t  ron-2 I' 10 10 35700 -58 -57 14.4 64 -70 

2/16 "Elekt ron-2 10 52 28200 -26 -170 7 63 -1-33 
11 24 33600 -31 -174 8.8 69 -140 

2/2 1 "Elek t  ron-1" 2 49 6800 -60 -16 5-7  54 -60 

* 
The s a t e l l i t e  apparently in te rsec ted  t h e  same point  twice. 

t h e  geomagnetic f i e l d  per turbat ion both on t h e  surface of t he  Earth, and a t  
dis tances  of - 30 000 lan from t h e  Earth. The question of t h e  nature of 
these streams then a r i s e s .  It i s  evident t h a t ,  when t h e  magnetic perturba
t i o n  increases at la rge  dis tances  from t h e  Earth, acce le ra t ing  processes /431 
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January-February, 1964 UJ 

Figure 7 

Posi t ion 	of Outer Zone Maximum and i t s  Boundary on t h e  
Morning and Evening Side of t h e  Earth 

The v e r t i c a l  l i n e s  designate  t h e  sect ions of t h e  "Elektron-2" 
t r a j e c t o r y  where t h e  SC-1 reading exceeded 100 imp*sec-';AT -
t h e  mount by which t h e  measured magnetic f i e l d  exceeds t h e  

dipole  f i e l d .  

come i n t o  operation, which cause e lec t rons  t o  appear with an energy of up 
t o  100 kevo 

According t o  d a t a  obtained on t h e  s a t e l l i t e  "Injun-3" (Ref. g), when 
t h e  acce lera t ing  mechanism i s  i n  operat ion e lec t rons  a r e  formed-with such 
pi tch-angles  t h a t  they a r e  r e f l ec t ed  a t  a high a l t i t u d e  above t h e  Earth 's  
surface.  In those regions where t h e  accelerated p a r t i c l e s  can be held 
back by t h e  magnetic f i e l d  of t h e  Earth, pa r t  of them i s  captured. 

Figure 8 shows a p i c tu re  of t h e  outer  ra.diation zone, based on a 
recording of x-ray y-quanta, with E, > 30 kev on th ree  consecutive f l i g h t s .  
During t h e  f i rs t  f l i g h t  t h e  zone had a sharp boundary at L x  6.3; beyond 
t h i s  point ,  t h e  counter recorded a background. Durink t h e  second f l i g h t ,  
t h e  zone boundary w a s  a l s o  located at L NN 6.3, but  beyond t h e  boundary 
t he re  were i r r e g u l a r  streams which occupied a region up t o  L x 10. During 
the  t h i r d  f l i g h t ,  t h e  zone boundary w a s  discovered at L x 6.8. This 
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Figure 8 

Three Consecutive F l igh ts  Through t h e  Outer. Zone Boundary 
From t h e  Nocturnal Side Before, During, and After t h e  

Appearance of an I r r egu la r  Electron Stream 

p ic tu re  can be explained by t h e  f a c t  t h a t  i r r e g u l a r  streams were e i t h e r  
sca t te red  deep within t h e  magnetosphere - and a port ion of t he  electrons 
w a s  captured close t o  t h e  zone boundary - or acce lera t ing  processes dev
eloped i n  the  i n t e r v a l  between the  second and t h i r d  f l i g h t s  c lose t o  t h e  
zone boundary, producing trapped e lec t rons  at L 6.8, 

Since a l l  of t h e  recorded phenomena were observed i n  high geomag
n e t i c  l a t i t u d e  regions, it i s  i n t e r e s t i n g  t o  t r a c e  t h e  connection between 
these  phenomena and t h e  t e r r e s t r i a l  observations of such geophysical 
phenomena as t h e  aurorae po la r i s  and magnetic bays. The p 3 s s i b i l i t y  i s  
not excluded t h a t  p a r t i c l e s  with lower energies a re  produced along with 
streams of e lec t rons  with -EG > 40 kev. Thus, t h e  s a t e l l i t e s  f‘Explorer-12’’
(Ref.  2, 4) and “Elektron-2 (Ref. 10) recorded e lec t ron  fluxes with 
energies of 1-10 kev up t o  1Os-ldoel*cm-”-sec-1 . An e lec t ron  spectrum 
beginning with E, > 500 ev w a s  obtained f o r  a stream of e lec t rons  observed 
on February 16, 1964. Data on the  e lec t ron  streams between 0.5-10kev 
were kindly W n i s h e d  by B. I. Savin. If t h e  spectrum i s  represented i n  
an exponential  form 
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Dis t r ibu t ion  of Magnetic Perturbations i n  t h e  Northern 
Polar  Cap on February 7 and February 16, 1964 

The polar  cap pro jec t ion  i s  constructed i n  geomagnetic 
coordinates. The poin ts  designate t h e  s t a t i o n s  a t  which 
magnetic per turbat ions were observed at a given moment. 

( i s  = i r r egu la r  streams) 

then i n  t h e  0.5-10kev range, Eo - 4 kev; 10-40 kev, Eo - 10 kev; 40-150 kev, 
E& - 30 kev. 

Moving along t h e  fo rce  l i n e s  of t h e  f i e ld ,  these  p a r t i c l e s  can en te r  
t h e  lower atmospheric layers  and cause per turbat ions there .  It i s  known 
t h a t  magnetic bays ma,y be r e l a t e d  t o  t h e  discharge of e lec t rons  i n t o  t h e  
atmosphere (Ref. 11) at L = 6-7 and t h e  aurorae p o l a r i s  a r e  observed 
during t h e  existence of these  bays (Ref. 12). W e  analyzed th ree  cases i n  
d e t a i l ,  which a re  shown i n  Figures 3, 4, and 5. /432 

Invest igat ions were ca r r i ed  out, based on t h e  s t a t i o n s  a t  which t h e  
magnetic bays were observed. According t o  present day opinions, these  
bays a re  caused by ionosphere currents .  The cur ren ts  a r e  formed during 
t h e  aurorae po la r i s .  The d i r ec t ion  of t h e  current  and i t s  pos i t ion  may 
be determined by t h e  s ign  of t h e  per turbat ion (:.e. ,whether t h e  current  
flows i n t o  t h e  region t o  t h e  south or t o  t h e  north of t h e  s t a t ion ) .  
Figure 9 shows t h e  per turba t ion  d i s t r ibu t ion .  

A l i s t  of s t a t i o n s  i s  presented below, whkch were u t i l i z e d  t o  formu
late t h e  per turba t ion  d i s t r i b u t i o n  a t  t h e  polar  cap: 
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Figure 9 w a s  compiled f o r  t h e  maximum development of bays accompany
ing  t h e  appearance of i r r egu la r  streams. It can be seen t h a t  t h e  projec
t i o n  of t h e  observed stream i n  the  northern hemisphere fa l l s  within the  
l a t i t u d i n a l  region of m a x i m u m  magnetic per turbat ions.  The magnetic per
turba t ions  correspond t o  an e lec t ron  stream i n  t h e  westerly d i rec t ion .  
An e lec t ron  stream i n  t h e  westerly d i r ec t ion  w a s  observed i n  Case I - on 
t h e  morning s ide  of  t h e  Earth, i n  Case I1 - on t h e  nocturnal s ide  of t h e  
Earth, and i n  Case I11 - on t h e  evening s ide  of t h e  Earth. There w a s  no 
current  vortex i n  the  opposite d i r ec t ion  on t h e  d iu rna l  s ide  of t he  
Earth. I n  Case I1 and 111, a current stream i n  a south-east d i r ec t ion  
'branched off  a t  lower l a t i t u d e s  from t h e  main stream proceeding i n  a 
westerly d i rec t ion ,  ' 7  t h e  evening s ide  of t h e  Earth. 

It must be emphasized t h a t  t h e  e lec t ron  streams being studied were 
observed i n  t h e  southern hemisphere on t h e  nocturnal  side,  and t h e  d i s t r i 
but ion of magnetic per turbat ions was formulated f o r  t he  northern polar  cap. 
The concurrent occurrence of these  events apparently ind ica tes  closed force  
l i n e s  of t he  Earth 's  magnetic f i e l d  up to a l a t i t u d e  of 75'. No d e f i n i t e  
conclusion may be drawn regarding t h e  connection between t h e  aurorae po la r i s  
and t h e  existence of non-stationary e lec t ron  streams beyond t h e  zone bound
ary, due t o  t h e  lack of constant, de t a i l ed  observations of t h e  aurorae 
po la r i s .  However, due t o  t h e  existence of t h e  magnetic bays, it may be /433
assumed with grea t  p robab i l i t y  t h a t  such a comect ion ex i s t s .  The poss ib i l 
i t y  i s  not excluded t h a t  a ce r t a in  port ion of t h e  p a r t i c l e s  formed at large 
dis tances  from t h e  Earth s c a t t e r  i n  a r a d i a l  d i r ec t ion  across t h e  force 
l i n e s  of t h e  magnetic f i e ld .  When a p a r t i c l e  r e t a i n s  t h e  f i rs t  invariant  
of motion, i t s  energy w i l l  increase as t h e  Earth i s  approached, and conse
quently observation of i r r egu la r  e lec t ron  streams may possibly c l a r i f y  the  
nature of p a r t i c l e s  populati i G; at  l e a s t  t h e  outer  r ad ia t ion  zone. 
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FULSATIONS OF THE MA.GNETIC FIELD ACCORDING TO MEASUREMENTS 
ON THE SATELLITE "fiLEKTRON- 3". 

(Su"aYY) 
S .  N. Vernov, A. Ye.. Chudakov, P. V. Vakulov, 

Ye. V. Gorchakov, Yu. I. Logachev, A. G. Nikolayev, 
I. A. Rubinshteyn, E. N. Sosnovets, M. V. Ternovskaya 

b 

The s a t e l l i t e  "Elektron-3", which was 1a.unched on Ju ly  11, 1964, car r ied  
apparatus f o r  recording magnetic f i e l d  pulsat ions.  The magnetic f i e l d  pulsa
t i o n s  were recorded 'by a c o i l  with a f e r r i t e  core 1oca.ted outside of t he  
frame, close t o  i t s  outer surface.  Signa,ls f r o m  the  c o i l  f e l l  on two ampli
fying channels; t h e  pass band of one of them w a s  1-10 cps, t h e  pass 'band of 
t h e  other - 30-300 cps. 

The number of impulses between interrogat ions,  whose amplitude exceeded- 1, - 5, - 25y, was recorded on both channels. The memory system w a s  s e t  
up i n  such a way t h a t  impulses were recorded during the  time between 7 i n t e r 
rogations on each of t h e  s i x  in te r roga t ion  channels, after which t h e  channel 
system w a s  shut off  and w a s  insens i t ive  t o  fu r the r  impulses, due t o  t h e  
short  length of t h e  conversion chains. I n  order t o  decrease t h e  influence 
of interference,  t h e  c i r c u i t  was a l s o  blocked during in te r roga t ion  of t h e  
instrument readings by t h e  memory device. A very s m a l l  por t ion of t h e  
information obtained has been processed as of t h e  present.1-t w a s  found t h a t  
coarse channels ( threshold 2 25)') during t h e  time between in te r roga t ions  did 
not record even ope imoiilse, as a ru le ,  while t h e  most sens i t ive  channels 
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(21Y) recorded more than 7 impulses every two minutes. (434 

Channels having mean s e n s i t i v i t y  (2 5Y) recorded the  number of 
impulses i n  t h e  measureable range: 9t h e  order  of 2-3 on t h e  low-
frequency channel, and on t h e  order of 1on t h e  high-frequency 
channe 1. 

Thus, t h e  number of magnetic f i e l d  pulsat ions with an amplitude of 
,> 5Y i n  t h e  frequency region 1-10 cps is, general ly  speaking, grea te r  
than i n  t h e  30-300 cps region. 

It shoula a l s o  be noted t h a t  t he  pulsa t ion  i n t e n s i t y  has a tendency 
t o  increase i n  c e r t a i n  gecgraphic regions.As a rule ,  t h e  pulsat ion inten
s i t y  increase on t h e  low-frequency channels i s  not accompanied by an 
increase i n  t h e  recording r a t e  on the high-frequency channel. 

STUDY OF THE EXETCH'S OUTER RADIATION ZONE AT LQW ALTITUDES D U m G  
SPACECRAFJI-SATELLTTE FLIGHTS AND THE "KOSMOS" AES FLIGHTS B E T "  1960 AZVD 

1-963 

S. N. Vernov, V. Ye. Nesterov, N. F. Pisarenko, 
I. A. Savenko, L. V. Tverskaya, P. I. Shavrin 

The second and t h i r d  cosmic spacec ra f t - sa t e l l i t e s ,  as w e l l  as ce r t a in  
s a t e l l i t e s  i n  t h e  "Kosmos" ser ies ,  car r ied  radiometers which included 
s c i n t i l l a t i o n  and gas-discharge counters. Detailed information on t h e  
radiometric apparatus on these  satell i tes i s  given i n  (Ref. 1-3). 

The r e s u l t s  derived from these  s tud ies  a re  given below, per ta in ing  
t o  longi tudinal  i n t e n s i t y  behavior, pos i t ion  of t h e  outer  r ad ia t ion  zone 
maximum, time var ia t ions ,  t h e  space between rad ia t ion  zones, and escapes 
from t h e  outer  r ad ia t ion  zone based on measurements a t  low a l t i t u d e s  
(200-400 km above t h e  Earth 's  surface) .  

1. Apparatus and Experiment Conditions 

The Table presents  t h e  composition and some b r i e f  cha rac t e r i s t i c s  of 
t h e  recorders. 

The c r y s t a l s  of t h e  i n n e r ' s c i n t i l l a t i o n  counters were s t rongly 
screened bn a l l  spacecraf ts .  About 82% of t he  t o t a l  solid angle of bhese 
counters was shielded by a layer  of matter of more than 8 g-cm-". The 
remaining 18% of t h e  so l id  angle had screening between 5-8 g-em-". 
However, a l l  of t h i s  sect ion w a s  covered i n  addi t ion  by equipment and 
armature whose exact thickness  cannot be calculated.  Thus, t h e  inner 
s c i n t i l l a t i o n  counter could re'cord e lec t rons  from t h e  outer  rad ia t ion  
zone only through braking radiat ion.  We should note t h a t  t h i s  g rea t ly  
decreased the  dependence of t h e  recording on t h e  s a t e l l i t e  or ien ta t ion  
with respect  t o  t h e  geomagnetic f i e l d  force l i nes .  



/435 
APPARATUS 

Within t h e  S a t e l l i t e  

S c i n t i l l a t i o n  counter with NaJ ( T l ) ,  
d = 30 mm, h = 14 mm c rys t a l .  Record
i n g  i s  performed with threshold  of 25 
kev and anode current.  Two STS-5 gas 
discharge counters. 

S c i n t i l l a t i o n  counter with NaJ ( T l ) ,  
d = 30 mm., h = 14 mm c rys t a l .  Record
i n g  i s  done with threshold  of 25 kev 
and anode cur ren to  STS-5 gas discharge 
counter. 

S c i n t i l l a t i o n  counter with C s J  ( T l )  
d = 30 mm, h = 20 mm c r y s t a l .  Record
ing  i s  done with threshold of 60 kev 
and anode current.  Two STS-5 counters. 

S c i n t i l l a t i o n  counter with C s J  ( T l ) ,  
d = 30 mm, h = 20 mm c r y s t a l .  Record
ing i s  done with threshold of 30 kev 
and anode current.  Two S T s 5  counters. 

S c i n t i l l a t i o n  counter with NaJ (Tl), 
d = 30 mm, h = 20 mm c rys t a l .  Record
ing  i s  done w i t h  threshold of 15 kev 
and anode current.  STS-5 counter. 

S c i n t i l l a t i o n  counter with C s J  ( T l ) ,  
d = 30 mm, h = 20 mm c rys t a l .  Record
ing  i s  done with threshold 07 160 kev 
and anode current.  Two STS-5 counters. 

S c i n t i l l a t i o n  counter with C s J  ( T l ) ,  
d = 30 lnm, h = 20 mm c r y s t a l .  Record
ing i s  measured with a threshold of 30 
kev and anode current.  Two STS-5 coun
t e r s .  

S c i n t i l l a t i o n  counter with C s J  ( T l ) ,  
d = 30 mm, h = 20 mm c r y s t a l - Record
ing  i s  done with threshold of 100 kev 
and anode cur ren t .  Two STS-5 counters. 

Outside t h e  S a t e l l i t e  

S c i n t i l l a t i o n  counter with C s J  ( T l ) ,  
d = 30 m, H = 2.2 rnm c r y s t a l .  Anode 
current i s  recorded. Minimum screen 
ing  of 2 mg-em-” M .  

S c i n t i l l a t i o n  counter with C s J  ( T l ) ,  
d = 30 m., h =; 2.2 1nm c r y s t a l .  Anode 
current i s  recorded. Minimum screen

-2
ing  of 2 mg-em Al. 

S c i n t i l l a t i o n  counter with C s J  ( T l ) ,  
d = 30 rm, h = 20 mm c rys t a l .  Record
ing i s  done with threshold of  60 kev 
and anode current.  Minimum screening 
of 2 mg=cm-“ ~ l .  

S c i n t i l l a t i o n  counter with C s J  ( T l ) ,  
d = 30 mm, h = 20 mm c rys t a l .  Record
ing i s  done with threshold of 45 kev 
znd anode current.  Minimum screening
of 180 mgocm-2 . 

S c i n t i l l a t i o n  counter w i t h  C s J  ( T l ) ,  
1 = 30 myh = 20 mm c r y s t a l .  Record
ing i s  done w i t h  threshold of 60 kev 
znd anode current.  Minimum screening 
3f 180 mg-em-” . 

S c i n t i l l a t i o n  counter with C s J  ( T l ) ,  
1 = 26 mm, h = 4 mm .?urrent. Minimum 

-2screening of 2 mg-em Al. Recording 
i s  done with threshold of 75 kev. 

Spherical  el ee tr o s t  at i c  analyzer. 

Spherical  e l e c t r o s t a t i c  analyzer. 
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Figure 1 

The outer  s c i n t i l l a t i o n  counters on t h e  spacecraf ts  could d i r e c t l y  
record, i n  addi t ion t o  braking rad ia t ion ,  e lec t rons  with

-2
an energy 

grea te r  than 100 kev rrith a minimum screening of 2 mg*cm , and above 
600 kev with a minimum screening of 180 mgocm-". 

Apart from t h e  recording r a t e  of impulses with an amplitude exceeding 
a c e r t a i n  threshold value, t he  s c i n t i l l a t i o n  counters made it poss ib le  t o  
measure t h e  anode current  which w a s  proport ional  t o  the  mean l i b e r a t i o n  
of energy i n  t h e  c rys t a l .  The readings of o ther  recorders  i n  t h e  radio
metric apparatus (Geiger counters and sphe r i ca l  analyzers) a r e  not employed 
i n  t h i s  study. Figure 1i l l u s t r a t e s  t h e  p robah i l i t y  of recording outer  
r ad ia t ion  zone e lec t rons  with t h e  inner  s c i n t i l l a t i o n  counter of t h e  
radiometric apparatus, computed under t h e  assumption t h a t  a stream of /436
electrons,  with t h e  energy spectrum given i n  (Ref. 4), f a l l  on t h e  aluminum 
sphere with a w a l l  th ickness  of 5 &-em-", within which the  counter i s  
loca t  ea. 

It can be  seen from t h i s  f i gu re  t h a t  t h e  inner  s c i n t i l l a t i o n  counters 
of t h e  radiometric apparatus pr imari ly  recorded e lec t rons  having energies 
between 50-300 kev. The curve i n  Figure 1was obtained without allowance 
f o r  t he  reso lu t ion  of t h e  s c i n t i l l a t i o n  counter and under t h e  assumption 
t h a t  t he  e f f i c i ency  with which Y-radiation w a s  recorded equalled un i ty  
f o r  every energy. Precise  allowance f o r  t hese  f a c t o r s  does not change t h e  
conclusion formulated above. 

During t h e  opera t iona l  period of t h e  s a t e l l i t e s  l i s t e d  i n  the  Table 
information w a s  obtained on the  more than 300 cases i n  which they entered 
t h e  outer  r ad ia t ion  zone i n  'both hemispheres. Detailed da t a  on the  geo
graphic d i s t r i b u t i o n  of t h i s  information a r e  given i n  t h e  d i s s e r t a t i o n  
(Ref. 5). 

11. Longitudinal Behavior 

The apparatus on t h e  t h i r d  a r t i f i c i a l  Earth s a t e l l i t e  ( R e f .  6) made 
it poss ib le  t o  determine t h e  outer  rad' iation zone pos i t i on  a t  a l t i t u d e s  
of 300-600 km i n  t h e  northern hemisphere, i n  t h e  30-U0°W longi tudinal  
range. In t h e  southern hemisphere, t he  outer zone w a s  recorded at an 
a l t i t u d e  of 1500 km i n  t h e  30-180°E region (Ref. 7). rrExplorer-7" 
t ransmit ted information on t h e  outer  zone a l s o  i n  a l imi ted  longitudina,l 
range (Ref. 8). Studies performed on t h e  second and t h i r d  Soviet cosmic 
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spacecraYts i n  August and December, 1960, f i rs t  made it possible  t o  study 
t h e  outer r ad ia t ion  zone pos i t i on  i n  d e t a i l  c lose  t o  t h e  Earth, a t  a l l  
longitudes i n  t h e  geographic l a t i t u d i n a l  range of f 65". Regions were d i s 
covere: a t  a l l  longitudes i n  which t h e  increased r ad ia t ion  i n t e n s i t y  could 
not be explained by t h e  l a t i t u d i n a l  e f f e c t  of cosmic rays.  

It w a s  shown i n  ( R e f .  9-11) t h a t  a l l  of these  regions were caused by  
t h e  outer  r ad ia t ion  zone of t h e  Earth, except for t h e  region on t h e  e w t e r n  
coast  of Brazi l .  Since t h e r e  a,re present ly  no doubts regarding t h e  validi+:.;r 
of t h i s  statement, it i s  not necessary t o  provide corrobora,tion f o r  it. 

It should be noted t h a t ,  when t h e  spacecraf ts  entered sect ions of t h e  
outer  (and inner)  r ad ia t ion  zone, there  w a s  a sharp increase i n  t h e  back
ground recordings of t h e  apparatus ca r r i ed  by t h e  spacecraf ts  t o  study 
heavy nucle i  ( R e f .  E) and x-ray r ad ia t ion  of t h e  Sun (Ref. 1.3). 

Longitudinal dependence w i l l  be used t o  designate the  i n t e n s i t y  change 
w i t h  longitude f a r  fixed values of t he  parameter L and the  a l t i tude above 
the  Ea r th ' s  surface.  The i n t e n s i t y  dependence on longitude w i t h  f ixed  L 
and B w i l l  be ca l l ed  longi tudina l  behavior. The longi tudina l  behavior 
r e s u l t s  from the  non-dipole nature  of t h e  geomagnetic f i e ld ,  which i s  p a r t i 
cu la r ly  s ign i f i can t  a t  low a l t i t u d e s .  If t h e  l i n e  of equal values of B at 
a l l  longitudes l i e s  at one a l t i t u d e  f o r  t h e  c e n t r a l  dipole ,  then t h e  a . l t i 
tude .of t h e  l i n e  f o r  equal  B depends on longitude f o r  a real  geomagnetic 
f i e l d .  Due t o  t h i s  f a c t ,  when d r i f t i n g  longi tudina l ly  t h e  p a r t i c l e s  e n t e r  
t h e  region w i t h  a very d i f f e r e n t  atmospheric densi ty .  For purposes of 
i l l u s t r a t i o n ,  l e t  us say t h a t  t h e  a l t i t u d e  of t h e  specular po in ts  i n  the  
southern hemisphere changes as a funct ion of longitude by more than 1000 hm, 
while the  atmospheric dens i ty  changes e t i m e s  when t h e  a l t i t u d e  changes by 
50 k m  (Ref. 14) .  Since t h e  atmospheric dens i ty  a t  low al t i tudes i s  large,  
t h e  mean l i f e t ime  of a p a r t i c l e ,  with respect  t o  downward diffusion,  can be 
less  than t h e  d r i f t  per iod with respect  t o  longitude - which leads t o  the  
occurrence of longitudinal behavior. Final ly ,  a t r i v i a l  reason f o r  t h e  
longi tudina l  behavior i s  t h e  d r i f t  towards the '  Ear th  of t h e  d r i f t  t r a j e c 
t o r y  i n  any longi tudina l  range. 

An ana lys i s  of t h e  m a x i m a  d i s t r i b u t i o n  of t h e  inner  s c i n t i l l a t i o n  
counter recording on t h e  second spacecraft  showed t h a t ,  i n  s p i t e  of 
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s ign i f i can t  time var ia t ions ,  t he re  i s  a c l e a r  longi tudina l  i n t e n s i t y  depen
dence i n  t h e  outer  zone. This dependence can be roughly determiiicd by /437
averaging the  counter readings f o r  f ixed  L i n  t h e  longi tudina l  range of 
50-75". The r e s u l t  derived from averaging d a t a  from t h e  second spacecraf t  
fo r  L M 3.7 (mean f l i g h t  a l t i t u d e  320 km) i s  shown i n  Figure 2 f o r  t he  
northern f a )  and southern (b) hemispheres. The mean inter is i ty  a t  those 
longitudes f o r  which the re  i s  information i s  p lo t t ed  along t h e  ordinate  
axis i n  the  f igure .  

The nature  of t h e  longi tudina l  dependence obtained i n  Figure 2 can be 
explained qui te  wel l  by t h e  s t ruc ture  of t h e  r e a l  magnetic f i e l d .  Figure 3 
shows t h e  a l t i t u d e s  of d r i f t  t r a j e c t o r i e s  ( L  = 3, B = 0.52) i n  t h e  southern 
( so l id  curve) and i n  t h e  northern (dash-dot curve) hemispheres as a fUnction 
of geographic longitude ( read of f  from Greenwich- t o  t h e  e a s t )  (Ref. 15). The 
conjugate poin ts  a r e  connected by dashed l i n e s .  Three negative geomagnetic 
anomalies can be c l e a r l y  dis t inguished by t h e  d r i f t  t r a j e c t o r y  pa t te rns ;  the  
South At lan t ic  (see I i n  Figure 3 ) ,  t h e  North At lan t ic  (11), and t h e  anomaly 
with i t s  center  i n  the  region of t he  Bering Sea (1111, which we c a l l  t he  
Bering Anomaly. The South At lan t ic  anomalyandthe Bering Anomaly a r e  impor
t a n t  f o r  t he  outer  zone. The North At lan t ic  Anomaly region i s  connected t o  
the  South At lan t ic  Anomaly, where t h e  specular po in ts  a r e  located much 
lower (see Figure 3 ) .  Therfore, t h e  South At lan t ic  Anomaly plays t h e  predomi
nant r o l e  a t  these  longitudes. 

A comparison of Figures 2 and 3 leads t o  t h e  conclusion t h a t  t he  regions 
of t h e  negative anomalies represent regions of maximum rad ia t ion  i n t e n s i t y  a t  
a given a l t i t u d e .  The longi tudinal  i n t e n s i t y  dependence outs ide of t h e  
anomalies i s  determined by the  difference between t h e  a l t i t u d e s  of t he  specu
la poin ts  i n  both hemispheres. The i n t e n s i t y  is,much l e s s  i n  t h e  region 
adjoining t h e  anomaly. 

I n  order t o  c l a r i f y  t h e  r o l e  of t he  South At lan t ic  Anomaly, l e t  us 
t r a c e  t h e  longi tudinal  i n t e n s i t y  dependence f o r  f ixed  L. The maximum value 
of L f o r  d r i f t  envelopes which a r e  in te rsec ted  by t h e  s a t e l l i t e  at a l l  
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longitudes i s  2.5, which corresponds t o  t h e  gap between the  zones. 

The s o l i d  curve , which approximates t h e  experimental po in ts  (black 
c i r c l e s ) ,  i n  Figure 4 represents  t h e  i n t e n s i t y  dependence on longitude 
f o r  t h e  d r i f t  surface L = 2.5 a t  an a l t i t u d e  of 320 km i n  the  southern 
hemisphere ( R e f .  16).  The dashed l i n e s  gives t h e  dependence of t h e  mag
n e t i c  f i e l d  s t rength  B on longitude on the same d r i f t  surface f o r  t h e  
same a l t i t u d e .  Curve 1 i n  Figure 5 represents  t h e  behavior of one of 
t h e  d r i f t  t r a j e c t o r i e s  f o r  L = 2.5 i n  t h e  southern hemisphere. The 
experimental points ,  through which t h i s  t r a j e c t o r y  passes a t  as1 a l t i t u d e  
of 320 km, occur at longi tudes of 280 and 70". The region between these  
po in t s  may p e r t a i n  t o  t h e  anomaly. For purposes of comparison, curve 2 
gives t h e  d r i f t  t r a j e c t o r y  of adjoining specular po in ts  i n  t h e  northern 
hemisphere. 

It can be seen from Figure 4 t h a t  i n  t h e  longi tudina l  region of 4x2 
260-320O increased i n t e n s i t y  - 40-50 imp*cm-"*sec-1 i s  observed t o  t h e  
w e s t  of t h e  anomaly f o r  L = 2.5. We should point  out t h a t  t h e r e  w a s  not  
one point  i n  t h i s  region a t  which background w a s  recorded. The s i t u a t i o n  
i s  qu i t e  d i f f e r e n t  i n  t h e  longi tudina l  region t o  t h e  eas t  of t h e  anomaly, 
beginning a t  50-60". For t h e  same value of L, po in ts  are observed with 
an i n t e n s i t y  which b a r e l y  d i f f e r s  from t h e  background ( the  background i s  
subtracted f o r  t h e  data on t h e  graph), as w e l l  as poin ts  with an in t ens i 
t y  of about 20 imp-em-2 Osee-'. Thus, t h e  i n t e n s i t y  i n  t h i s  region i s  
considerably less, on t h e  average, than t o  t h e  west of t h e  anomaly. A s  
can be seen from t h e  p a t t e r n  of t h e  dependence B on longitude, on the 
same d r i f t  surface (dot ted  curve i n  Figure 4)  t h e  B are iden t i ca l ,  and 
t h e  i n t e n s i t i e s  are d i f f e r e n t ,  within a wide longi tudina l  range t o  t h e  
east and t o  t h e  w e s t  of t h e  anomaly. This po in ts  t o  t h e  exis tence of a, 
longi tudina l  p a t t e r n  along t h e  given d r i f t  surface.  This i s  a n a t u r a l  
result ,  which i s  completely understandable. It can be seen from Figure
5 t h a t  t h e  d r i f t  t r a j e c t o r i e s ,  which penet ra te  t h e  anomaly a t  an 
a l t i t u d e  of 320 km t o  the  w e s t  and t o  the east,dr-ift near t h e  
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Earth. Therefore, when t h e  anomaly i s  l e f t  behind, t h e r e  are almost no 
i n t e n s i t i e s  a t  t h e  poin ts  t o  t h e  east of  t h e  anomaly a t  an a l t i t u d e  of 
320 km, and t h e  p a r t i c l e s  proceed t o  s c a t t e r  t o  these  a l t i t u d e s  from 
higher a l t i t u d e s  during t h e  longi tudina l  d r i f t .  

A s  has been a l ready  pointed out, t h e  d r i f t  envelopes with L > 2.5 
were not i n t e r sec t ed  at a l l  longitudes of t h e  sa te l l i t e  t r a j e c t o r y .  
However, i n  s p i t e  of t h e  inadequate amount of information, it can be 
determined t h a t  t h e  same c h a r a c t e r i s t i c  i s  manifested f o r  l a rge  L as 
it i s  f o r  L = 2.5: The i n t e n s i t y  along t h e  l i n e  of d i f f e r e n t  L a t  an 
a l t i t u d e  of 320 k m  i s  g rea t e r  t o  t h e  west of t h e  anomaly than it i s  t o  
t h e  eas t .  For purposes of i l l u s t r a t i o n ,  Figure 4 uses  white c i r c l e s  t o  
p l o t  t h e  i n t e n s i t y  values f o r  L 3.4 ( the  outer  zone maximum, as w i l l  
be shown below, w a s  located c lose  t o  L = 3.7 at t h i s  t ime) .  

4 

The c h a r a c t e r i s t i c s  of t h e  i n t e n s i t y  d i s t r i b u t i o n  within t h e  anomaly 
are given below and i n  Figure 6. 

1.03 1.6 2.1 2.9 

Longitude, degree 311236 349 320 336 353 333 346 359 339 360 16 

I, imp*cm-”.sec-l . . . . 50 1-53 16 100 344 110 l20 178 85 200 600 300 

I n  s p i t e  of t h e  f a c t  t h a t  t hese  d a t a  p e r t a i n  t o  t h e  gap between t h e  zones, 
they c l a r i f y  t h e  inf luence of t h e  South At l an t i c  Anomaly on t h e  i n t e n s i t y  
d i s t r i b u t i o n  i n  t h e  outer  r ad ia t ion  zone. Figure 6 presents  curves showing 
t h e  dependence of B on longitude f o r  d i f f e r e n t  d r i f t  surfaces  at an a l t i 
tude of 320 km (1 - L = 1.3; 2 - L - 1.6; 3 - L = 2.1). The l a rges t  record
ing  i n  t h e  anomaly region i s  made i n  t h e  region of t h e  minima f o r  t hese  
curves. Based on d a t a  presented above, it can be seen t h a t  t h e r e  i s  a, 
s ign i f i can t  s h i f t  i n  t h e  i n t e n s i t y  m a x i m u m  f o r  L which d i f f e r  i n  longitude, 
which corresponds t o  t h e  s h i f t  of t h e  curvesin Figure 6. The inner zone m a x i 
mum occurs i n  t h e  L = 1.5-1.6 region. An ana lys i s  of t he  in t ens i ty  d i s t r i b u 
t i o n  along t h e  d r i f t  envelopes shows t h a t  a t  low a l t i t u d e s  t h e r e  i s  a smooth 
‘ in tens i ty  change with longitude. Three longi tudina l  regions can be c l e a r l y  
dis t inguished i n  t h e  southern hemisphere: A peak i n  t h e  anomaly (320-50”), 
a low-intensity region(60-220”)~and a p la teau  t o  t h e  west of t h e  anomaly 
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(260-320' ). The connection between t h e  i n t e n s i t y  d i s t r i b u t i o n  i n  t h e  ano- /440 
maly and t h e  c h a r a c t e r i s t i c s  of t he  real  geomagnetic f i e l d  can be t raced.  
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Figure 8 

I n  t h e  northern hemisphere increased i n t e n s i t y  i s  observed i n  t h e  
region of t he  Bering anomaly (l2O-24O0), while at the  other  longitudes 
the  in t ens i ty  'barely d i f f e r s  from the  'background. The existence of t h e  
Bering Anomaly must a l so  lead t o  a longi tudinal  behavior; however, t h e  
influence of t h e  South Atlant ic  Anomaly i s  much stronger.  

111. Position of t h e  Maximum 

The occurrence of a sharply expressed i n t e n s i t y  maximum at a cer
t a i n  value of L = i s  a cha rac t e r i s t i c  ind ica t ion  of t he  outer  r ad i 
a t ion  zone. Generally speaking, t h e  pos i t ion  of L depends on t h e  
de tec tor  with which t h e  zone p r o f i l e  i s  recorded ( the  in t ens i ty  dependence 
on L [Ref. 51 i s  ca l led  t h e  p r o f i l e ) o  In par t icu lar ,  t h e  de tec tor  f o r  
e lec t rons  ha,ving an energy of 2 h0 kev does not have a sharply expressed 
m a x i m u m  (Ref. 17). 

Figure 7 gives t h e  in t ens i ty  recorded by -the inner s c i n t i l l a t i o n  
counters on t h e  second and t h i r d  spacecraf ts  on t r a j e c t o r y  revolutions 
which were no more than 70' apart  with respect  t o  longitude. 

596 



8,mill igauss  

600 


Figure 9 

The middle sec t ion  of t h e  graph i n  Figure 7 shows the  dependence 
of B on L along c e r t a i n  revolut ions (da ta  per ta in ing  t o  d i f f e r e n t  'revo
lu t ions  a r e  designated by d i f f e r e n t  s igns i n  t h i s  and subsequent graphs), 
while t h e  lower sec t ion  shows t h e  longi tudina l  dependence on L f o r  two 
revolut ions i n  a given longi tudina l  range. I n  s p i t e  of t h e  r e l a t i v e l y  /442 
l a rge  range over which t h e  da t a  a r e  averaged i n  time (3  minutes) on t h e  
spacecraf ts ,  it can c l e a r l y  be seen i n  Figure 7 t h a t  t h e  i n t e n s i t y  i n  
the  outer  r ad ia t ion  zone i s  described by a cha rac t e r i s t i c  p r o f i l e  with 

i n  t h e  L = 3.7 region. I n  t h e  case of L > 6, t h e  i n t e n s i t y  corres
ponds t o  t h e  l e v e l  of t he  cosmic ray background. 

The f a c t  t h e  i n t e n s i t y  recorded on the  t h i r d  spacecraf t  i s  not l e s s  
than t h a t  recorded on t h e  second spacecraft  - i n  s p i t e  of t h e  low f l i g h t  
a l t i t u d e  - can apparently be explained by t h e  f a c t  t h a t  t he  f l i g h t  of 
t he  t h i r d  spacecraf t  passed through a strong magnetic storm. 

Figures 8 and 9 give similar da t a  f o r  t h e  s a t e l l i t e s  t ' K ~ ~ m ~ ~ - 1 2 7 '  
and % O ~ m o s - 1 5 ~ ~ ~respect ively,  obtained within a comparatively s m a l l  
longi tudina l  range. These da t a  ind ica te  t h a t  t h e  smallest  i n t e n s i t y  
i s  obtained i n  t h e  case of 1'K~smos-15", and t h e  l a rges t  i n t e n s i t y  i s  
obtained i n  t h e  case of "Kosmos-I2", i n  t h e  given longi tudina l  range 
( t h i s  i s  r e l a t ed  t o  t h e  d i f fe rence  i n  t h e  t r a j e c t o r  a l t i t u d e  above 
the  Earth and t o  t h e  d i f f e r e n t  recording thresholdsy. The da ta  pre
sented i n  Figures 8 and 9 were averaged over l m i n u t e ,  on t h e  average; 
therefore ,  t h e  outer  zone p r o f i l e s  can be described very c lear ly ,  and 
&ax can be determined without any d i f f i c u l t y .  It can be seen from 
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Figure 10 

Figures 8 and 9 t h a t  t h e  outer  zone p r o f i l e  has a cha rac t e r i s t i c  t r i a n 
gular  f6rm with a halfwidth of AL zz 1.2. Thus, on t h e  t r a j e c t o r y  sect ion 
in t e r sec t ing  t h e  zone from t h e  north t o  t 4 e  south, t h e  i n t e n s i t y  differed 
very l i t t l e  from the.background; on t h e  sec t ion  in t e r sec t ing  t h e  zone 
from the  south t o  t h e  north, t h e  i n t e n s i t y  was always s igni f icant .  This 
can be expla,ined by the  a l t i t u d i n a l  d i f fe rence  of adjoining poin ts  i n  
opposite hemispheres. 

If we a r e  not i n t e re s t ed  i n  t h e  absolute  in tens i ty ,  bu t  r a the r  i n  
the  pos i t ion  of t h e  point  haxcharacter iz ing t h e  loca t ion  of t h e  outer  
zone i n  space, .we then obtain the  following i n t e r e s t i n g  r e s u l t .  Figure /443
10 presents  a diagram showing t h e  s p a t i a l  pos i t ion  of t h e  outer  radia,tion 
zone maximum based on data  from t h e  second and t h i r d  spacec ra f t s - sa t e l l i t e s  
(August and December, 1960). Figure l lshows t h e  same diagram f o r  t h e  
'rKosmos*rs a t e l l i t e s  (see the  Table) The upper graphs i n  these  f igu res  
give the  d i s t r i b u t i o n  with respect  to L of t h e  outer  zone maximum posi t ion,  
and t h e  lower graphs give t h e  d i s t r i b u t i o n  of t h e  corresponding three-hour 
planetary -indices.  A comparison of Figures 10 and 11f o s t e r s  t he  con
clusion t h 2  haxs h i f t s ,  on the  average, toward s m a l l  L when the  $-index 
increases.  This conclusion w a s  alrea,dy formulated i n  t h e  works (Ref. 18 , lg) .  
The p o s s i b i l i t y  i s  not excluded tha t ,  during a change t o  t h e  s o l a r  cycle 
minimum, t h e  most probable value of &ax s h i f t s  toward l a rge r  L, as com
pared with 1959-1.960, i n  t h e  sense t h a t  t h e  value of a corresponding t o  
a ce r t a in  given value of t he  %-index i s  smaller i n  0 than i n  1962, on 
t h e  average. I n  m y  event, observations performed on t h e  spacecraf ts  and 
t h e  s a t e l l i t e  "Ekplorer-7" have shown t h a t  t h e  outer  r ad ia t ion  zone maximum 
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i n  1959-1960 w a s  located a t  L ,< 4.5 f o r  a l l  values of magnetic perturba
t ion .  I t s  most probable pos i t i on  s h i f t e d  from L = 4 t o  L = 3 with an 
increase i n  per turbat ion.  Observations on t h e  "Kosmos" sa te l l i t es  i n  
1962-1963, as wel l  as r e s u l t s  given i n  ( R e f .  20) f o r  September and 
October, 1962, have shown t h a t  both during quie t  days and during magneti
c a l l y  perturbed days t h e  outer  zone m a x i m u m  i s  observed i n  t h e  region of 
L 4-6 at low a l t i t u d e s .  This conclusion i s  v a l i d  f o r  high a l t i t u d e s .  
If &ax of t h e  outer  zone w a s  - 3.5 during t h e  f l i g h t  of t h e  space ror k e t s  
(Ref. 21) i n  1959, then hax>, 4 during t h e  f l i g h t  of "Fzplorer- l5"  i n  
1962-1963 f o r  e lec t rons  with an energy of ,< 0.5 Mev. 

I V .  Gap Between t h e  Zones 

A s  i s  known, t h e r e  i s  a region containing a r e l a t i v e  minimum of 
energet ic  e lec t rons  between t h e  inner a.nd outer  r ad ia t ion  zones - t h e  
so-cal led gap, o r  space, between t h e  zones. 

The minimum i n t e n s i t y  poin t  between t h e  zones sh i f t ed  from 
L - 2.2 i n  1959-1960 t o  L = 2.8 i n  1962-1963, according t o  t h e  s h i f t  i n  
haxindicated aboveo A n  i n t e r e s t i n g  f ea tu re  of t h e  ra,diation zone 
s t ruc tu re  w a s  t hus  revealed - t h e  occurrence of add i t iona l  maxima i n  t h e  
gap,  i.e., i n  t h e  2 5 L <, 3 region. 

Figure 12 presents  t h e  curves showing t h e  i n t e n s i t y  of t h e  s c i n t i l 
f a t ion  counter recording on 1 1 K ~ s m o s - 4 "(curve l), "Kosm0s-7~ '  (curve 2),  
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Figure l.2 

"Kosmos-9" (curve 3), and tfKosmos-12n (curve 4) f o r  t h e  spacecraft  t ra
jec tory  revolut ions wh!.ch were no more than 20' apar t  i n  terms of' longi
tude. A s  can be seen from Figure 12, t he re  i s  a recording maximum i n  
t h e  L 5 2 segion, whose magnitude i n  t h e  given longi tudinal  range com
pr i se s  5-2O$ of t h e  main maxim? magnitude f o r  L 3 4. These m a x i m a  were 
recorded by a l l  of t h e  s a t e l l i t e s ,  including t h e  spacecrafts,and a r e  
given i n  t h e  Table. The f a c t  t h a t  curve 2 i n  Figure I 2  has no c l e a r l y  
expressed add i t iona l  maximum can be explained by t h e  f a c t  t h a t  t h e  high 
a l t i t u d e  nuclear explosion on J u l y  9, 1962, led  t o  an in t ens i ty  increase 
i n  t h e  L A 2.5 region, and thus  conclealed t h e  presence of an addi t iona l  
m a x i m m  i n  t h e  space between t h e  zones. Additional maxima i n  t h e  case of 
L NN 2 were discovered i n  t h e  work (Ref. 20), where the  assumption was 
advanced t h a t  these  maxima may be explained by t h e  e f f ec t  of whist l ing 
atmospherics ( ' twhis t lersfr) ,  which cause t h e  p a r t i c l e s  t o  pour out of t h e  
rad ia t ion  zone (see a l so  [Ref. 233). The locat ion and magnitude of t h e  
addi t iona l  maxima, do not revea l  a s ign i f i can t  correla,tion with magnetic 
ac t iv i ty .  Figure l 3  presents  t he  s c i n t i l l a t i o n  counter readings on 
tfKosmos-12rrf o r  t h ree  t r a j e c t o r y  revolut ions (l-3),  which were no more 
than 11' apar t  i n  terms of longitude ( p r o f i l e  of t h e  gap between t h e  
zones). 
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I n  s p i t e  of t h e  f a c t  t n a t  the  magnetic index E"p = 1f o r  a l l  th ree  /445 
curves, the  pos i t ion  and magnitude of t h e  maxima d i f f e r  considerably. 

Additional maxima a r e  c l e a r l y  apparent on revolut ions in t e r sec t 
ing l i n e s  of equal L at  small angles. I n  other  cases, they a r e  con
cealed, due t o  t h e  la rge  range over which L i s  averaged. (Nevertheless, 
f o r  example, i n  Figure 8 i n  t h e  2 < L < 3 region i n  the  r i g h t  sect ion 
of L t h e  s c a t t e r  of t h e  i n t e n s i t y  values can be explained by the  pres
ence of add i t iona l  m a x i m a ) .  It should be noted t h a t  addi t iona l  
recording maxima i n  t h e  2 < L < 3 region a r e  a l s o  observed sporadical ly  
f o r  e lectrons with an energy of 2 40 kev (Ref. 24). 

The discovery of add i t iona l  m a x i m a  i n  t he  gap between t h e  radi
a t ion  zones i s  of grea t  i n t e r e s t  i n  c l a r i fy ing  t h e  mechanism of escape 
from t h e  rad ia t ion  zones and i n  c l a r i fy ing  t h e  existence of t h e  gap 
i tself ' .  
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V. In t ens i ty  Variations 

As can be seen, for example from Figure 7, t h e  p r o f i l e  of t h e  
outer  r ad ia t ion  zone has a spherical  form i n  t h e  majori ty  of cases, 
so t h a t  it may be character ized by t h e  following parameters: (a) By 
t h e  pos i t ion  of t h e  maximum ha; (b) by t h e  maximum i n t e n s i t y  
(e )  by t h e  halfwidth of AL (i .e. ,  by t h e  width corresponding to$g '  
i n t e n s i t y  l e v e l  0.5 I m u ) .  Generally speaking, a l l  of these  para-

, meters depend on t h e  de tec tor  threshold,  with which t h e  zone p r o f i l e  
i s  determined. Final ly ,  t h e r e  i s  undoubtedly a connection between 
t h e  quan t i t i e s  given above and t h e  geomagnetic environment. 

Reversible changes i n  t h e  s p a t i a l  locat ion,  t h e  energy spectrum. 
and t h e  angular d i s t r i b u t i o n  of ou ter  zone e lec t rons  can occur with 
a change i n  magnetic per turbat ion.  Thus, during observations by a 
threshold de tec tor  a t  a f ixed  point  L, t h e  comparatively s m a l l  changes 
i n  these  c h a r a c t e r i s t i c s  may produce s i g n i f i c a n t  changes i n  the  record- e 

ing r a t e  which i s  reg is te red .  It can be seen from Figure 9, f o r  
example, t h a t  when L changes 'by 20% t h e  recording r a t e  changes by one 
order  of magnitude. Therefore, i n  order  t o  determine the  sca le  of 
changes occurring i n  t h e  outer  zone, one must not analyze t h e  in t ens i ty  
changes,in OUT opinion - f o r  a f ixed  value of L, as w a s  done i n  t h e  
works (Ref. 8) and (Ref 20)- but  must t r a c e  t h e  changes i n  
hax ,  &ax and AL-

Figure 9 c l e a r l y  Yl lus t r a t e s  t he  nature of t he  i n t e n s i t y  var ia 
t i o n s  recorded i n  t h e  outer  zone by t h e  s c i n t i l l a t i o n  counters on t h e  
"Kosmos" s a t e l l i t e s .  The i n t e n s i t y  &ax may change by a f a c t o r  of 2-3 
over a period of s eve ra l  days i n  a c e r t a i n  narrow longi tudina l  range 
( i n  the  given case, i n  t h e  140"W region) .  A comparison of t h e  r e s u l t s  
derived from the  second and t h i r d  spacecraf ts  with d a t a  obtained by t h e  
sate llite s "KOsmos-4' I ,  "KOsmos-7",and 'lKosmos-9 shows t h a t  var i a t  ions 
of t he  same sca le  a r e  observed f o r  much longer per iods of time. Thus, 
&ax i s  character ized by a ce r t a in  quasi-uniformity --- deviat ions from a 
c e r t a i n  mean value a re  observed no more than 2-3 times. Such var ia 
t i o n s  may be explained by revers ib le  changes i n  t h e  geomagnetic f i e l d  
(Ref. 5 ) -

Along with t h e  type of &ax var i a t ions  described above, sharp 
in t ens i ty  increases  a re  sometimes observed i n  a wide region of L, as 
was t h e  case on t h e  s a t e l l i t e  "Kosmos-7" on J u l y  31, 1962, and on 
t1Kosmos-12'' on Dec'ember 26, 1962. ' These phenomena were observed 
during a period of increased geomagnetic a c t i v i t y ,  and may be in te rpre ted  
as a b r i e f  discharge of e lec t rons  i n t o  t h e  atmosphere, similar t o  t h a t  
recorded i n  t h e  work (Ref. 17). With regard t o  h igh-a l t i tude  thermonu
c l ea r  explosions, as can be seen from Figure 12, t he  h igh-a l t i tude  
explosion on J u l y  9, 1962, did  not lead t o  a s ign i f i can t  i n t e n s i t y  
change i n  t h e  case of L > 2.5, at l e a s t  f o r  20 days a f t e r  the  explosion. 
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V I .  Lifetime of Outer Radiation Zone Electrons 1446 

I n  pr inc ip le ,  observations performed at l o w  a l t i t u d e s  m a k e  it 
possible t o  determine t h e  magnitude of p a r t i c l e  escape from t h e  zone, 
and t h e  s t rength  of t h e  in j ec t ion  sources, which i s  very important 
f o r  c l a r i fy ing  t h e  mechanism leading t o  the  formation of t h e  r ad ia t ion  
zones. 

We s h a l l  designate t h e  l i f e t i m e  of e lec t rons  i n  t h e  outer  zone by 
T = Q/q, where Q i s  t h e  t o t a l  p a r t i c l e  reserves-within a given fo rce  
tube with t h e  cross  sec t ion  of 1em2 at  t h e  f l i g h t  a l t i t u d e ;  q i s  t h e  
discharged stream which i s  recorded. It i s  possible  t o  determine Q 
from r e s u l t s  obtained at high a l t i t udes .  The l o s s  of q can be de te r 
mined from i n t e n s i t y  measurements a t  low a l t i t u d e s .  

If i s  t h e  measurement i n t e n s i t y  i n  t h e  equator ia l  plane, S i s  
t h e  cross  sect ion of t h e  geomagnetic f i e l d  force  tube i n  t h i s  plane 
(we s h a l l  assume t h a t  t he  tube cross sect ion i s  1 em' at the  measure
ment a l t i t u d e ) ,  then we obtain t h e  following expression f o r  t h e  l i f e 
time (Ref. 5 ) :  

where I i s  t h e  i n t e n s i t y  averaged over longitude at t h e  measurement a l t i 
tude; T - l i f e t ime  of e lec t rons  a t  t h e  measurement a l t i t u d e ,  cos %in = 0.2 
within an accuracy of t w o  f o r  a measurement a l t i t u d e  of 350 km. 

The i n t e n s i t y  Io i n  t h e  equatorial. plane w a s  measured on t h e  
s a t e l l i t e  "Explorer-14" (Ref. 25). It was establ ished t h a t  i n  a 
quiet  geomagnetic environment t h e  i n t e g r a l  e lec t ron  spectrum i n  t h e  
energy range between 40-1600 kev has the  form of '/E. The mean 

andelec t ron  i n t e n s i t i e s  i n  t h e  case of L - 4 a r e  3'107, 3010~ 
3*105cm-'*sec-l, respec t ive ly , for  energies of > 40 kev, > 230 kev, 
and > 1.6 Mev. However, during magnetic per turbat ions var ia t ions  in 

by one order of magnitude a r e  observed. The i n t e n s i t y  I can be 
obtained by u t i l i z i n g  Figures 1and 2. The mean recording 80 cm-20sec-1 
corresponds, i n  t h e  case of t he  spectrum (Ref. 4) f o r  e lec t rons  with 
an energy of > 100 kev, t o  an i n t e n s i t y  of 1 . 6 0 1 0 ~cm-2*sec-1. For 
e lec t rons  with an energy of > 100 kev, t h i s  leads t o  a l i fe t ime of 
T = 5-l0"sec,  and f o r  e lec t rons  with an energy above 600 kev a value 
of I :- 2*103cm-2*sec-1 - which corresponds t o  T = 5*1O7sec - i s  
obtained on t h e  average, based on da ta  from the  outer  s c i n t i l l a t i o n  
counter on "Kosmos-7". The values of 7, computed according t o  
(Ref. 26), were employed t o  ca lcu la te  T by t h e  formula given above. 
I n  s p i t e  of t h e  comparatively la rge  indeterminate nature  of t h e  l i fe 
time estimates given above, it can be concluded with su f f i c i en t  accura
cy t h a t  t h e  l i fe t ime of e lec t rons  with energies on t h e  order of hundreds 
of kev i n  t h e  outer  r ad ia t ion  zone, on t h e  one hand, i s  d c h  grea te r  than 
t h e  l i fe t ime of 40-kev e lec t rons  (- lo4 sec), obtained from measurements 
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on t h e  satell i tes "Injun". On t h e  other  hand, t h i s  l i f e t ime  i s  many 
orders  of magnitude smaller than t h e  l i f e t ime  calculated from t h e  
hypothesis of a neutron mechanism(lO1l-lO1~sec). 

Conelusion 

The da ta  given above indigate  t h a t  ;he term; "radiat ion zone" 
may be va l id ly  applied i n  i t s  c l a s s i c a l  meaning t o  e lec t rons  
trapped by t h e  geomagnetic f i e l d  and having energies of hundreds 
of kev. The outer  r ad ia t ion  zone formed by these  e lec t rons  has the  
p r o f i l e  I ( L )  with a c l e a r l y  expressed maximum haxf o r  L = ha. 
The space between t h e  inner  'and outer  r ad ia t ion  zones i s  a l so  c leaz ly  
apparent. The longi tudina l  i n t e n s i t y  behavior of such e lec t rons  a t  
low a l t i t u d e s  can be explained qui te  wel l  by t h e  .charac te r i s t ics  of 
t h e  r e a l  geomagnetic f i e l d .  /447 

Variations i n  t h e  pos i t ion  of &ax are r e l a t ed  t o  geomagnetic 
per turba t iong  I n  t h e  majori ty  of cases, va r i a t ions  i n  t h e  i n t e n s i t y  
I&= may be explained by revers ib le  changes i n  t h e  geomagnetic f i e l d .  
The l i f e t ime  of these  e lec t rons  at L - 4 has been estimated as much 
grea te r  than t h e  l i fe t ime of one d r i f t  revolution. 

The s t ruc tu re  and dynamics of t h e  r ad ia t ion  zone of e lectrons 
having energies of > 10"ev d i f f e r  g rea t ly  from t h a t  of e lec t rons  
having energies of 2 40 kev, which w a s  discovered on t h e  "Injuntf 
s a t e l l i t e s  (Ref. 17) (Ref. 37) .  If we employ t h e  terminology of 
O'Brien fo r  t h e  dynamics of e lec t rons  with E 2 40 kev, and if we employ 
t h e  model of "splash catcher" then t h e  model of ''a leaky bucket" 
i s  more va l id  f o r  a zone of -.lectrbns with energies of > 105ev. 

It thus follows t h a t  a sharp d i s t i n c t i o n  must be drawn between the  
e lec t ron  components having d i f f e ren t  energies when studying the  radia
t i o n  zones. This conclusion i s  corroborated by r e s u l t s  obtained at 
high a l t i t u d e s  (Ref. 22, 25). The term ''outer rad ia t ion  zone" appl ies  
t o  e lec t rons  with an energy exceeding 100 kev i n  t h e  region i n  space 
between L = 3-8. The term "inner r ad ia t ion  zone" i s  usua l ly  applied 
t o  protons with energies of t ens  and hundreds of Mev which are trapped 
by t h e  geomagnetic f i e l d  within L < 2. The s p a t i a l  region 2 < L < 3y 
as w a s  noted above, i s  ca l led  t h e  gap. 

Electrons and protons of smaller energies a re  observed i n  an exten
s ive  region of t h e  L parameter. The terminology f o r  them has not ye t

11 I1been formulated. The expressions "outermost zone Davis zone", 
II I1"protonosphere electronosphere", etc.  a r e  employed. But t h e  terms 

"outer rad ia t ion  zone" and "inner r ad ia t ion  zone" have been f i rmly 
establ ished i n  t h e  sense indicated above. 

It should be noted t h a t  e lectrons of energies > l o 5  ev domprise a s m a l l  
por t ion of e lec t rons  ' in  t h e  spectrum which a re  recorded i n  t h e  outer  
rad ia t ion  zone. Their t o t a l  energy i s  inadequate t o  produce such 
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geophysical phenomena as the aurorae polaris. However, such electrons 
represent an unusual indicator of the geophysical environment, and 
their study is extremely important for clarifying the mechanism of mag
netic storms and the aurorae polaris. 
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STUDY O F  THE INNER AND AKL'IFICLAL RADIATION ZONES 
OF TKE EYLRI'H AT LOW AEI'ITUDES IN 1960 T964 

V. Ye. Nesterov, N. 3'. Pisarenko, I. A. Savenko, 
M. V. Tel'tsov, P. I. Shavrir?, K. N. Sharvina 

I n troduct ion /448 

A n  ana lys i s  of d a t a  obtained from t h e  radiometric apparatus 
car r ied  on spacecraf ts  and a r t i f i c i a l  Earth s a t e l l i t e s  has revealed 
a region with high r ad ia t ion  i n t e n s i t y  around t h e  coast  of Braz i l  
(Ref. 1-3) (see t h e  Table) 

. . . - - . . . . 

Perigee Energy Threshold 

Sate l l i t  e k u n c h  Date and of S c i n t i l l a t i o n  
Apogee? Counter, 

k m  kev 
. . -

Second spacecraf t  8/ 19/60 306-339 25 
Third spacecraf t  l2/l/60 187-265 25 
"KOsmos-4" 4/26/62 298-330 60 
"KOsmos-7" 7/28/62 210-369 30 
"KOsmo s-9 9/27/62 301-353 1-5 
"KOsmos-l2I f  12/22/62 211-405 30 
"KOsmos -15I '  4/22/63 173-371. 100 

A comparison of t h e  recording r a t e s  of Gziger and s c i n t i l l a t i o n  
counters, as wel l  as an ana lys i s  of c;iergy l i b e r a t i o n  i n  the  s c i n t i l l a 
t i o n  counter c r y s t a l  i n  t h i s  region, has fos te red  the  conclusion t h a t  
t h e  rad ia t ion  includes protons w i t h  energies grea te r  than 50 Mev. 
The presence of high-energy protons w a s  explained by t h e  inner  zone 

/449 
dropping t o  low a l t i t u d e s  i n  t h e  region of t h e  negative magnetic anomaly 
(Ref. 1, 2). It w a s  thus  poss ib le  t o  study t h e  inner r ad ia t ion  zone a t  
low a l t i t u d e s  i n  t h e  anomaly, where p a r t i c l e  des t ruc t ion  must be  at i t s  
greatest;.  In  addi t ion,  because t h e  a r t i f i c i a l  r ad ia t ion  zone which w a s  
formed t?om the h igh-z l t i tude  thermonuclear explosion on J u l y  9, 1962, 
w a s  centered at low a l t i t udes ,  pr imari ly  i n  t h e  region of t h e  B r a z i l i a n  
magnetic anomaly, it vas possible  t o  study t h e  a r t i f i c i a l  zone. 

It i s  of grea t  i n t e r e s t  t o  study t h e  rad ia t ion  zones i n  t h e  region 
of magnetic a,nomalies because information may be obtained on t h e  mechanisms 



of p a r t i c l e  l o s s  and formation, which is  of grea t  importance i n  formulat
ing  a theory f o r  t he* , r ad ia t ionzones. Therefore, a f t e r  t h e  dtscovery of 
t h e  Brazi l ian anomaly a great  mount of research'  w a s  devoted t o  radiaAion 
i n  t h e  anomaly. However, these  s tud ies  dea l t  p r imar i ly  with t h e  s p a t i a l  
d i s t r ibu t ion  of a r t i f i c i a l  rad ia t ion  zone e lec t rons  at low a l t i t u d e s  
(Ref. 4-6), and t o  a l e s s e r  extent with protons and e lec t rons  i n  t h e  
inner  zone (Ref. 5, 7-10, 12). Since t h e  inner  r ad ia t ion  zone i s  camou
f laged by a r t i f i c i a l l y  in jec ted  electrons i n  t h e  anomaly region, it i s  
of i n t e r e s t  t o  study i n  grea te r  d e t a i l  t h e  experimental data 'obtained 
before t h e  h igh-a l t i tude  nuclear explosion of J u l y  9, 1962. In  t h i s  
connection, t h i s  study presents  ce r t a in  supplementary r e s u l t s  derived 
from measurements performed i n  1960 on t h e  second and t h i r d  spacecrafts.  
The study a l s o  presents  da t a  per ta ining t o  t h e  a r t i f i c i a l  rad ia t ion  zone, 
o3tained from t h e  s c i n t i l l a t i o n  counters ca r r i ed  on the  s a t e l l i t e s  
"KO smos-4 ","KO smos -7", "KO smos-9","KO smos-12'I, "Kosmos -15 . 

Measurement Results 

1. h n g i t u d i n a l  Behavioz of Protons and Spa t i a l  

D i s t r i b u t i o n o n - c l e g  

Experimental d a t a  obtained from s c i n t i l l a t i o n  counters car r ied  on 
t h e  second and t h i r d  spacecraf ts  and t h e  s a t e l l i t e  %0smos-4~~, per ta in
ing  to t h e  region of t h e  Brazi l ian magnetic anomalyj were processed i n  t h e  
McIlwain -coordinates. The t r a j e c t o r y  coordinates of these  s a t e l l i t e s  
i n  t h e  longi tudina l  range of 80"W - 40"E and t h e  l a t i t u d i n a l  r m g e  of 
65"s - 0" were changed i n t o  B, L coordinates by means of in te rpola t ion  
graphs constructed from t a b l e s  of ad iaba t ic  invar ian ts  (Ref. 14) .  

The s c i n t i l l a t i o n  counters with a NaJ c rys t a l ,  which were car r ied  on 
board t h e  second and t h i r d  spacecrafts,  had a minimum shielding of 
3 g-cm 

-2 , which corresponds t o  t h e  d i r e c t  passage of protons with energies 
grea te r  than 50 Mev and electrons with energies grea te r  than 6 Mev. Low-
energy e lec t rons  were recorded with an e f f ic iency  of l e s s  than 1% accord
i n g  t o  t h e  braking rad ia t ion .  The energy threshold of these  counters w a s  
25 kev. The counters were interrogated by t h e  memory device every th ree  
minutes. The recording rates were converted t o  a surface u n i t  under t h e  
assumption t h a t  t he  rad ia t ion  recorded w a s  i so t ropic .  The in tens i ty ,  
which was averaged over a three-minute in t e rva l ,  per ta ined t o  t h e  middle 
of t he  in t e rva l .  The usual representat ion of t h e  r e s u l t s  i n  the  form of 
contours of d i f f e r e n t  i n t e n s i t i e s  i n  t h e  B, L coordinates assumes t h a t  
t h e  i n t e n s i t y  does not depend on longitude. As w i l l  be  seen below, t h i s  
assumption i s  not va l id  i n  t h e  region of t h e  magnetic anomaly. A s  they 
d r i f t  around t h e  Earth, p a r t i c l e s  i n  t h e  anomaly region approach t h e  
Earth and may be absorbed i n  t h e  denser atmospheric layers.  The inten- /450 
si-ty a t  po in t s  ly ing  on t h e  same magnetic envelope L, f o r  d i f f e ren t  B, 
w a s  p l o t t e d  as a function of h min - t h e  minimum a l t i t u d e  a t  which 
t h e  l i n e  f o r  po in t s  with t h e  same values of B passed i n  t h e  anomaly region. 
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Figure 1 

P a r t i c l e  In t ens i ty  Dependence, Measured by t h e  
S c i n t i l l a t i o n  Counter on t h e  Second Spacecraft, 
on hmin f o r  L = 1.3 - on t h e  Left; f o r  L = 1.6 

on t h e  Right. 

Figure 1represents  an example of t h i s  formulation, where t h e  p a r t i c l e  
i n t e n s i t y  d i s t r i b u t i o n s  a r e  expressed as a funct ion of hmin for L = 1.3 
and 1.6- A s  can be  seen from t h e  f igure,  t h e  i n t e n s i t i e s  a t  points  
lying t o  the  west and t o  the  eas t  of t h e  anomaly d i f f e r  considerably, 
although they occur on one d r i f t  t r a j e c t o r y  of t h e  specular points .  
Similar graphs were constructed f o r  all values of L from 1.2 t o  2.1, 
with a n  i n t e r v a l  of 0.1. 

An analysis  of a l l  t h e  graphs showing t h e  i n t e n s i t y  recorded by the  
s c i n t i l l a t i o n  counter on t h e  second spacecraft  shows t h a t  p a r t i c l e  inten
s i t y  i s  g rea t e r  t o  t he  eas t  of t h e  anomaly than it i s  t o  t h e  west of t h e  
anomaly, at the  magnetic envelopes 1.2 < L ,< 1.4. A t  t he  1.5 ,< L ,< 2.1 
envelopes, t h e  s i t u a t i o n  i s  reversed. It i s  known t h a t  e lec t rons  d r i f t  
from the west t o  t h e  eas t  i n  t h e  t e r r e s t r i a l  magnetic f i e l d ;  t h e  protons 
d r i f t  from t h e  eas t  t o  t h e  w e s t .  Therefore, it may be  s t a t ed  t h a t  a t  
1.2 ,< L d 1.4 t h e  measured p a r t i c l e  i n t e n s i t y  i s  pr imari ly  caused by pro
tons, and at 1.5 ,< L S 2.1, it i s  pr imari ly  caused by electrons.  

The i n t e n s i t y  decrease i n  protons with energies g rea t e r  than 50 Mev 
at t h e  L ,< 1.4 magnetic envelopes, at an a l t i t u d e  of 320 km t o  t h e  west, 
i s  unexpected, and cannot be explained by ion iza t ion  losses  of proton 
energies during t h e  d r i f t  period around t h e  Earth. 
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Figure 2 

S p a t i a l  Dis t r ibu t ion  of P a r t i c l e  In t ens i ty  as a 
Function of L at a Minimum Alt i tude of 300 Inn 

Circ les  designate poin ts  t o  t h e  eas t  of t h e  anom
aly;  crosses - t o  t h e  west. 

A t  t h e  measurement point,  a proton with an energy of 100 Mev has 
a gyration radius  of l e s s  than 70 km. The lowest o r b i t a l  points  of 
these  protons descend t o  an a l t i t u d e  equal l ing t h e  d i f fe rence  between 
t h e  minimum a l t i t u d e  f o r  given L and B and t h e  gyration radius  - i.e., 
i n  t h e  case of hmin = 250 km, t o  an a l t i t u d e  of 180 km. The d r i f t  
time of protons located i n  these envelopes is.r g = 0 . 5  min. around t h e  
Earth, and t h e  d r i f t  time i n  the  anomaly i s  approximately '/6 of t h i s  
quant i ty  - i.e., 5 seconds. During t h i s  time, a 100-Mev proton tra
verses  a path of J'*ldOcm, which i s  approximately 50 mgecm-a f o r  a gas 
dens i ty  of 7.10-l g ~ c m - ~at  an a l t i t u d e  of 180 km. Even t h i s  value 
i s  very small a s  compared with t h e  range of a 100-Mev proton. In  
a c t u a l i t y  f o r  p a r t  of t h e  time t h e  protan i s  located at a l t i t u d e s  
grea te r  than 180 km, i.e., it penetrates  a s t i l l  smaller thickness.  

The i n t e n s i t y  decrease of p r o t o n s b  t h e  west of t h e  anomaly a t  t he  
L ,< 1.4 envelopes could be caused by unequal screening of t h e  s c i n t i l l a 
t i o n  counter due t o  a d i f f e r e n t  or ien ta t ion  of t h e  second spacecraft  t o  
t h e  west and t o  t h e  e a s t  of t h e  anomaly. However, t h e  eastern and west
ern experimental po in ts  were compiled both f o r  d i sec t  and reverse 
revolutions,  and it i s  d i f f i c u l t  t o  assume t h a t ,  eacki time the  s a h e l l i t e  
had such an or ien ta t ion ,  t h e  recorded i n t e n s i t y  t o  t h e  west w a s  smaller 
than  t h e  i n t e n s i t y  t o  t h e  eas t .  Errors  may a l s o  be introduced when 
t h e  in t ens i ty  i s  averaged over a three-minute in t e rva l ,  but  an examina- /451 
t i o n  of t h e  experimental po in ts  at a minimum a l t i t u d e  of about 300 km 
does ne% subs tan t ia te  t h e  assumption t h a t  t h e  e r r o r  amounts t o  100%. 
Thus, t h e  p o s s i b i l i t y  of a recording r a t e  decrease t o  t h e  west of t h e  
anomaly i s  most probably not t h e  reason f o r  t h e  longi tudinal  dependence 
of proton i n t e n s i t y  which was discovered. However, t h e  p o s s i b i l i t y  
cannot be excluded t h a t  t h i s  longi tudinal  dependence at s m a l l  L i s  
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Figure 3 

A Comparison of Electron I n t e n s i t i e s  Based on D a t a  -om 
t h e  S c i n t i l l a t i o n  Counters on the  Second and Third Spacecrafts 

Dots pe r t a in  t o  t h e  second spacecraft;  c i r c l e s  t o  t h e  th i rd .  

r e l a t ed  t o  a discrepancy between the  r e a l  magnetic f i e l d  i n  t h e  anomaly 
region and t h e  assumed system of B, Lcoordinates .  

The s p a t i a l  i n t e n s i t y  d i s t r i b u t i o n  of p a r t i c l e s  recorded by t h e  
s c i n t i l l a t i o n  counter w a s  compiled as a f'unction of L f o r  hin= 300 km, 
based on data from t h e  second spacecraft (Figure 2). It can be seen 
from the  f igu re  t h a t  t he  proton d i s t r i b u t i o n  maximum at h4n= 300 km i s  
located at L = 1.3-1.4, and t h a t  f o r  L = 1.45 the  longi tudina l  behavior 
changes s ign as a r e s u l t  of t he  constant ly  increasing e lec t ron  contribu
t ion. 

It can be shown t h a t ,  f o r  those L where pr imari ly  e lec t rons  a r e  
recorded, t h e  e lec t ron  contr ibut ion t o  t h e  eas t  of t h e  anomaly at a 
minimum a l t i t u d e  of 300 km must be ins igni f icant ,  under the  condition 
t h a t  t he re  i s  no e lec t ron  stream from above. Actually, s ince  t h e  
d r i f t  time around t h e  Earth of e lec t rons  with energies of hundreds of 
kev can be counted i n  t e n s  of minutes, as they move from the  west t o  
t h e  eas t  i n  t h e  anomaly they penetrate  a considerable thickness.  For 
example, an e lec t ron  with an energy of 500 kev, having specular  po in ts  
on a c i r c l e  of constant values of B and L with a minimum a l t i t u d e  of 
300 km, t r ave r ses  a path of 0.1 g-cm-2,which approximately corresponds 
t o  t h e  range of such an electron.  

Thus, i f  it i s  assumed t h a t  pr imari ly  protons make a contr ibut ion 
t o  t h e  p a r t i c l e  i n t e n s i t y  recorded t o  t h e  eas t  of t h e  anomaly at 
L d 1.45, then t h e  p ro ton .d i s t r ibu t ion  t o  the  west at la rge  L may be 
formulated, by ex t rapola t ing  t h e  d i s t r i b u t i o n  o f  protons with L < 1.4 
t o  a value of L S 1.45 ( the  dot ted curve i n  Figure 2). The dashed 
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curve i n  t h i s  f igure  gives t h e  approximate d i s t r i b u t i o n  of e lec t rons  i n  
t h e  inner r ad ia t ion  zone i n  t h e  anomaly region at a minimum a l t i t u d e  of 
300 km. 

If it i s  assumed t h a t  t h e  e lec t ron  i n t e n s i t y  at t h e  given minimum 
a l t i t u d e  i s  invers'ely proport ional  t o  t h e  gas densi ty  at t h e  same a l t i 
tude, then t h e  magnitude of a standard atmosphere - by determining it 
as t h e  a l t i t u d e  at which t h e  e lec t ron  i n t e n s i t y  decreases by a f ac to r  
of 2.7 - can be determined from t h e  graphs showing t h e  dependence of 
e lec t ron  i n t e n s i t y  on minimum a l t i t ude .  The magnitude .of a standard 
atmosphere determined i n  t h i s  way changes from 150 Ism f o r  L = 1.6 t o  
300 lan f o r  L =  2.0. The magnitude of a standard atmosphere determined 
by s a t e l l i t e  braking ( R e f .  13) a t  an a l t i t u d e  of about 300 km w a s  
40-50 km f o r  1960. The f a c t  t h a t  t h e  magnitude of a standard atmosphere, 
determined by t h e  e lec t ron  i n t e n s i t y  change with a l t i t ude ,  w a s  much 

r e a t e r  than t h e  magnitude of a standard atmosphere given i n  t h e  work?Ref. 13) ind ica tes  t h a t  +,Le p a r t i c l e  i n t e n s i t y  at envelopes of L = 1.6-2.0 
i s  not determined by t h e  atmosphere. 

2. 	 Time Variations. i n t h e  Inner Radiation 
Zone i n  t h e  Anomaly Region 

Data from t h e  s c i n t i l l a t i o n  counters ca r r i ed  on t h e  t h i r d  space
craf% and t h e  s a t e l l i t e  11Kosmos-4" were processed by a method s i m i l a r  
t o  t h a t  presented above. The t r a j e c t o r y  of t h e  t h i r d  spacecraft  passed 
considerably below t h e  t r a j e c t o r y  of t h e  second spacecraf t  (see t h e  
Table). Therefore, fewer da ta  were obtained on t h e  rad ia t ion  trapped by 
t h e  geomagnetic f i e l d  i n  the anomaly region. It i s  known t h a t  a strong 
magnetic storm w a s  recorded on November 30-December 1, 1960, during t h e  
f l i g h t  of t h e  t h i r d  spacecraft;  t h i s  caused a p a r t i c l e  i n t e n s i t y  
increase i n  t h e  region of t h e  South Atlant ic ,  i n  s p i t e  of t h e  decrease 
i n  t h e  s a t e l l i t e ' s  a l t i t u d e  (Ref. 2) .  

Data from t h e  t h i r d  spacecraft  only make it possible  to formulate 
t h e  p a r t i c l e  i n t e n s i t y  d i s t r ibu t ion  t o  t h e  west as a function of L, f o r  
L >, 1.5 and a minimum a l t i t u d e  of 200 km. I n  order t o  make a comparison 
with these  r e su l t s ,  t h e  same d i s t r i b u t i o n  w a s  formulated based on data 
from t h e  second spacecraf t  (Figure 3). It can be seen from t h e  f igure  
t h a t  t h e  magnetic storm of November 30-December 1, 1960, did not change 
t h e  electron i n t e n s i t y  at L = 1.5-1.6 envelopes, and it increased by a 
fac tor  of 2-3 at L 2 ~ 6 .  

Measurements of proton i n t e n s i t y  a t  low a l t i t u d e s  at d i f f e ren t  times 
i n  t h e  so l a r  cycle make it possible  to determine t h e  var ia t ions  caused by 
an atmospheric dens i ty  change. A comparison of t h e  proton i n t e n s i t i e s  
recorded by t h e  s c i n t i l l a t i o n  counters on t h e  second spacecraft  and t h e  
s a t e l l i t e  11Kosmos-411,at L = 1.2-1.3, hin= 300 km and a measurement 
a l t i t u d e  of 320 lon t o  t h e  east of t h e  anomaly, shows t h a t  t he  i n t e n s i t y  
increased i n  April,  1962, by approximately 3 times, as compared with 
August, 1960. 
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Figure 4 

S p a t i a l  Dis t r ibu t ion  of A r t i f i c i a l  Zone Electrons as a 
Function of L a t  a Minimum Alt i tude of 250 km, Based on 

D a t a  From S c i n t i l l a t i o n  Counters on t h e  S a t e l l i t e s  
I t  I 1'rK~smos-7", r 'K~mos-9, Kosmos-l2", a!d 111(c,smos-15" 

Ci rc lzs  designate  poin ts  t o  t h e  eas t  of t h e  anomaly; 
crosses  - t o  t h e  west. 

- - _ - 3. Spa t i a l  Dis t r ibu t ion  and Lifetime of A r t i f i c i a l  Zone Electrons 

The s tudy  (Ref. 11) presented the  geographic d i s t r i b u t i o n  of rad i 
a t ion  i n t e n s i t y  i n  an a r t i f i c i a l  zone determined by t h e  Geiger counters 
on t h e  s a t e l l i t e s  1'K~smos-711and "Kcsmos-15". This study gave t h e  d i s t r i 
but ion of a r t i f i c i a l  zone e lec t rons  i n  t h e  B, L coordinates based on da ta  
from t h e  s c i n t i l l a t i o n  counters of t he  s a , t e l l i t e s  f'Kosmos-7", 11Kosmos-9", 
Kosm0s-12~'~and "Kosmos-15". The s c i n t i l l a t i o n  counters on these  s a t e l 
l i t e s  were located behind a minimum shielding of 3 g-em-", and pr imari ly  
recorded art if  icia.1 zone e lec t rons  based on t h e  braking y-radiation. 
Their energy thresholds  a re  shown i n  the  Table. P a r t i c l e  i n t e n s i t y  
recorded by t h e  s c i n t i l l a t i o n  counters car r ied  on these  s a t e l l i t e s  i s  
p lo t t ed  i n  Figure 4 as a funct ion of L f o r  a minimum a l t i t u d e  of 250 km. 
The c i r c l e s  designate  poin ts  lying t o  the  eas t  of t h e  anomaly; t h e  crosses  
de r? lga t e  poin ts  t o  t he  west of t h e  anomaly. The e lec t ron  l i f e t ime  w a s  
determined f o r  each value of L from 1.2 t o  2.0, with an i n t e r v a l  of 0.1 
and hin= 250 km. The s c i n t i l l a t i o n  counter readings obtained on t h e  /4$3
s a t e l l i t e  11Kosmos-4", were assumed t o  be backgrcund, and were subtracted 
from t h e  readings of t h e  other  counters. A t  those poin ts  where it w a s  
possible,  t h e  l i fe t ime w a s  determined both f o r  e lec t rons  recorded t o  t h e  
west, and for e lec t rons  recorded t o  t h e  eas t .  The l i f e t ime  d i f fe rences  
f o r  both were within t h e  l i m i t s  of measurement accuracy. The e lec t ron  
l i f e t ime  7 ,  determined as t h e  time during which i n t e n s i t y  decreases by 
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Dependence of Lifetime of A r t i f i c i a l  
Zone Electrons on L i n  t h e  Anomaly Region 

2.7 times a t  a given.L and hin= 250 km, i s  p lo t t ed  i n  Figure 5 3,s a 
funct ion of L. As  can be seen from Figure 5, it decreased from 170 
days f o r  L = 1.3 t o  approximately 70 days f o r  L =; 2.0. 

Conchsion 

The discovery of t h e  Brazi l ian anomaly during t h e  f l i g h t  of t h e  
second spacecraf t  i n  1960 l ed  t o  a great  number of s tudies ,  due t o  
t h e  p o s s i b i l i t y  of obtaining d i r e c t  information on p a r t i c l e  l o s s  from 
t h e  rad ia t ion  zones. 

A supplementary ana lys i s  of experimental da t a  obtained during t h e  
f l i g h t s  of t h e  second and t h i r d  spacecrafts,  and a l s o  s a t e l l i t e s  i n  t h e  
"Kosmos" ser ies ,  has l e d  t o  t h e  f o l l m i n g  r e su l t s :  

1. A longi tudina l  behavior of t h e  s c i n t i l l a t i o n  counter recording 
r a t e ,  which i s  d i f f e r e n t  from the  longi tudina l  behavior of e lec t ron  
i n t e n s i t y  at la rge  L, has been detected i n  t h e  region of t h e  Brazi l ian 
anomaly a t  magnetic envelopes with L = 1.2-1.4. The recording rate a t  
L = 1.2-1.4 t o  t h e  eas t  of t h e  anomaly i s  2 t imes grea te r  than t o  t h e  
west, on t h e  same d r i f t  t r a j e c t o r i e s .  This f a c t  po in ts  e i t h e r  t o  a 
longi tudinal  behavior of proton i n t e n s i t y  which cont rad ic t s  ex i s t ing  
concepts of t h e  proton component i n  t h e  inner  zone, o r  t o  a difference 
between t h e  r e a l  magnetic f i e l d  a t  s m a l l  L i n  t h e  anomaly and t h e  mag- /454
n e t i c  f i e l d  employed f o r  computing B and L. 

20  The s p a t i a l  d i s t r i b u t i o n  of protons and e lec t rons  i n  t h e  inner 
zone has been obtained i n  t h e  region of t h e  Brazi l ian magnetic anomaly 
at an a l t i t u d e  of 300 km. 

3. The s p a t i a l  d i s t r ibu t ions  of a r t i f i c i a l  rad ia t ion  zone e lec t rons  
have been obtained at a minimum a l t i t u d e  of 250 km i n  July,  September, 
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December, 1962, and i n  April,  1963. 

4. The l i fe t ime of e lec t rons  i n  t h e  a r t i f i c i a l  rad ia t ion  zone has 
been determined i n  t h e  region of t h e  Brazi l ian magnetic anomaly at a 
minimum a l t i t u d e  of 250 km. In t h e  case of L = 1.3, t h e  l i fe t ime i s  
170 days, and decreases t o  approximately 70 days f o r  laxgerL. 

. 
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OUTER RADIATION ZONE O F  THE FJETH AND 
BlTRsTS OF X-RAY RADLKPION I N  THE STRATOSPHERF: 

S. N. Vernov, L. L. Lazutin, 
A. N. Charakhch’yan, T. N. Charakhch’yan 

. 
It may be assumed t h a t  trapped e lec t rons  leave t h e  outer  r ad ia t ion  

zone as a r e s u l t  of per turbat ions occurring i n  it. When enter ing t h e  
upper atmosphere i n  an air  layer  of approximately 10-100 mg, these  electrons 
produce photons of braking rad ia t ion  which a r e  propagated i n  t h e  depths 
of t h e  atmosphere. A c l a r i f i c a t i o n  o f ’ t h e  mechanism by which e lec t rons  
a re  emitted from t h e  rad ia t ion  zone is Of g rea t  t h e o r e t i c a l  i n t e r e s t .  But, 
as w i l l  be seen below, t h i s  phenomenon i s  qu i t e  complex, and no s a t i s f a c 
t o r y  explanation has been found f o r  it as of t h e  present.  

During observations i n  1959 above Murmansk during b u r s t s  of cosmic /455 
rays  i n  t h e  stratosphere,  a la rge  number of short  range p a r t i c l e s  with a 
range of l e s s  than 7 m Al - e lec t rons  and photons at depths of up t o  
50-80g.cm -2 - were recorded i n  addi t ion t o  so l a r  protons (Ref. 1). These 
r e s u l t s  were obtained during simultaneous measurements employing a t e l e 
scope with a f i l t e r  of 7 mm Al and a s ingle  counter with a w a l l  th ickness  
of 0.05 gocm-’ In measurements performed on May 12, Ju ly  12, and J u l y  15,
1959, t h e  recording r a t e  of t h e  s ing le  counter exceeded t h e  recording r a t e  
which w a s  expected from t h e  te lescope da ta  by seve ra l  times. Table 1 
presents  t h e  r e s u l t s  derived from measuring t h e  recording rate of t h e  
s ing le  counter and t h e  expected recording r a t e .  

~. ..-. -

Measurement Measurement Pre ssure, Recording, Minute s-l 
Date Time, Hours g* 
(1959) Minut e s Measured Expected 

. .  . . . 
~~ 

5/12 13 23 23 900 i - 320 
7/12 13 42 17 2950 1440 

13 11 52 82 48 
7/15 13 20 21 13200 2200 

13 01 57 2180 60 

m e r  a comparison of t h e  rad ia t ion  i n t e n s i t y  at  two pressures f o r  
Ju ly  15, it followed t h a t  t h e  absorption coef f ic ien t  of short  range p a r t i 
c l e s  i n  t h e  s t ra tosphere i s  - 16 g-cm-” which corresponds t o  a range of 
photons with epergies of -1Mev. 
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A la rge  i n t e n s i t y  f o r  .photons i n  t h e  s t ra tosphere with energies of 
2-3 Mev w a s  discovered on J u l y  15, 1959, by Brown d i r e c t l y  from a sc in t 
i l l a t i o n  counter (Ref. 2).  However, t h e  phenomenon t o  which protons are 
r e l a t e d  i n  t h e  s t ra tosphere i s  not c lear :  To e lec t rons  from t h e  outer  
rad ia t ion  zone, or t o  short  range p a r t i c l e s  car r ied  by corpuscular 
streams accompanying chromosphere flares on t h e  Sun. 

Winckler recorded low-energy photons (about 50-100kev) by means 
of large bal loons over Minneapolis (Ref. 3 ) .  He ar r ived  a t  t h e  follow
ing conclusions. During s t rong magnetic storms r ad ia t ion  i s  observed 
almost 60% of t h e  time. For a period or r e l a t i v e l y  weak per turbat ions 
of t h e  magnetic f i e l d ,  rad ia t ion  i s  observed l e s s  than 1% o f  t h e  t i m e  
t h e  apparatus remains i n  t h e  air. Radiation w a s  observed pr imari ly  dur
ing nocturnal hours. There i s  a good cor re la t ion  between X-ray rad ia t ion  
and t h e  aurorae p o l a r i s  with a r a d i a l  s t ructure .  The i n t e g r a l  f l u x  of 
e lec t rons  producing X-ray rad ia t ion  i n  t h e  upper atmosphere i s  
lo9-lOl"electron-cm-" during normal f l a r e s  l a s t i n g  one hour. During 
strong aurorae po la r i s ,  t h e  i n t e n s i t y  peak reaches 109cm-"=sec-1 (Ref. 3 ) .  

Anderson studied X-ray rad ia t ion  i n  t h e  aurorae po la r i s  zone using 
balloons at four  poin ts  (Ref. 4). He obtained data pr imari ly  by means 
of s c i n t i l l a t i o n  counters a t  a l t i t u d e s  corresponding t o  a pressure of 
3-10 gacm -2 . During random f l i g h t s  i n  t h e  aurorae po la r i s  zone at geo
magnetic l a t i t u d e s  of 64-69" (Fort  Churchill,  Flin-Flon, College) X -ray 
r ad ia t ion  of - 50 kev w a s  observed approximately 60% of t h e  time t h a t  
t h e  apparatus remained i n  t h e  air; at a geomagnetic l a t i t u d e  of 56" 
(Minneapolis) r ad ia t ion  w a s  observed - 5% of t h e  time, and close t o  t h e  
geomagnetic pole (Resolute %y) X-ray r ad ia t ion  w a s  not observed at a l l .  
The rad ia t ion  w a s  anisotropic  i n  space. Sometimes t h e  recorded r ad ia t ion  
d i f f e red  by more than one order of magnitude,in terms of i n t e n s i t y  at 
points  which wer? 300 lan apar t .  

For t h e  aurorae p o l a r i s  zone, bu r s t s  of X - r a y  r ad ia t ion  were observed 
during weak magnetic ac t i - i i ty .  Strong f luc tua t ions  i n  rad ia t ion  i n t e n s i t y  
were cha rac t e r i s t i c  i n  these  cases. The mean i n t e n s i t y  of e lec t rons  
pouring out of  t h e  zone i s  severa l  u n i t s  of lO"cm-"*sec -1, according t o  
da ta  given by Anderson. This number i s  c lose t o  t h a t  obtained by da ta  
from the  s a t e l l i t e  rrJnjun-lrrby O'Brien a t  an a l t i t u d e  of 800-1000 lan /456 
(Ref. 5).  S a t e l l i t e ,  s tud ies  at a l t i t u d e s  of about 1000 km showed t h a t  
t he  energy spectrum f o r  e lec t rons  pouring out and f o r  trapped e lec t rons  
with energies Of 40-120 kev f luc tua te s  grea t ly .  The d i f f e r e n t i a l  spectrum 
index changes from 0 t o  7 (Ref. 6 ) .  A similar conclusion regarding t h e  
v a r i a b i l i t y  of t h e  energy spectrum f o r  X-ray photons can be reached on 
t h e  b a s i s  of s t ra tosphere observations, although some authors assume a 
spectrum having a d e f i n i t e  form. 

Thus, Winckler (Ref.  3) assumes t h a t  t h e  d i f f e r e n t i a l  spectrum of 
e lec t rons  pouring out i s  character ized by t h e  index 4-5. Anderson 
(Ref. 4) gives Y 7 for t h e  spectrum index. Figure l ,a gives t h e  in te 
g r a l  energy photon spec t ra  f o r  two magnetic storms on September 25 and 
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Figure 1 

I n t e g r a l  Energy Spectra of Photons a t  a Pressure of 7-10 g*cm-2 
a - 9/25/61 1 - 5 hours 10minutes; 2 - 7 hours 15 minutes; 3 
9 hours 15 minutes; 4 - 9 hours 45 minutes. 10/1/61 5 - 8 hours 
45 minutes; 6 - 9 hours 20 minutes; 7 - 11hourso 9/17/63, 1 
4 hours; 2 -'3hours 50 minutes; 3 - 7 hours 20 minutes; 4 
9 hours 20 minutes; 5 - 11hours 10 minutes? 6 - 11hours 
20 minutes; 7 - 10 hours 40 minutes; 8 - l2 hours 30 minutes; 
9 - based on da ta  i n  (Ref. 4) .  

October 1, 1961. The photon in t ens i ty  N i s  p lo t t ed  along the  ordinate axis ;  
t h e  photon energy E i s  p lo t ted  along t h e  absc issa  ax is .  The da ta  presented 
a re  taken from t h e  work of Winckler, Bhavsar, and Anderson (Ref. 7), which 
givesthe r e s u l t s  der:ved from s c i n t i l l a t i o n  counter measurements a t  
In t e rna t iona l  Fa l l s  i n  Canada. Measurement times a re  given below t h e  

f igure .  I n  these cases, t h e  i n t e g r a l  spectrum index changes from 1.8 t o  
4.2 i n  t h e  energy range of 20-60 kev. A hard spectrum of X-ray photons 
w a s  recorded by Anderson, when t h e  so-cal led micro-shocks were observed, 
l a s t i n g  0.25 seconds. Within 30-60 kev, t h e  i n t e g r a l  spectrum index i n  
these cases w a s  Y - 1.0 (Ref. 8). It follows from t h e  da ta  given by 
Anderson t h a t  t h e  photon in t ens i ty  i n  t h e  bursts does not decrease with a 
decrease i n  so l a r  a c t i v i t y .  This can be seen from t h e  measurement da ta  /457
at  Flin-Flon f o r  1961, 1962, and 1963 which ' a re  given i n  Table 2. After 
studying rad ia t ion  i n  t h e  aurorae po la r i s  zone, t h e  Sparmo Organization 
at  K i r u n a  (Sweden) (Ref. 9). a l so  found t h a t  t h e  r ad ia t ion  spectrum i n  1963 
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Figure 2 

Values of t h e  Kp Indey 

Data i n  t h e  upper graph pe r t a in  t o  September, 1961. 

w a s  harder than i n  1961. 

- _ 
1961 1962 

- ._ 

Tota i  time apparatus remains i n  
t h e  air, hours . . . . . . . . . . . . 70 52 

Length of time Y-rays a r e  observed, $ . 40 90 
Mean flux of y-rays, em -2 -set-l. . . . . 10 18 
Mean e lec t ron  f lux,  cm -2 0sec-l . . . . . 2 0 1 0 ~  3.6=10b 

-_ 
1963 

80 

65 
17 


3.4-106 

I 




c E 2  

0 3  


a 4  


0 5  


0 6  

0 7  

A 8  


A 3  

Dependence of a Single Counter Recording Rate on 
Pressure P on January 1 and 3, March 5, and Apri l  28, 1964 
1 - January 1, 7 hours 2 minutes, Murmansk; 2 - January 3, 
7 hours 1minute, Murmansk; 3 - January 3, 6 hours 44 min
utes ,  Mirnyy; 4 - January 3, 1 4  hours 1-3 minutes, Murmansk;
5 and 6 - March 5, 7 hours S3 minutes, Murmansk (above and 
below, respect ively) ;  7 - March 5, 6 hours 36 minutes, 
Mirnyy; 8 - Apri l  28, 6 hours 43 minutes, Murmansk; 9 -
Apri l  28, 6 hours 43 minutes, Mirnyy. 

This i s  an important conclusion. This may explain t h e  more frequent 
recording of rad ia t ion  propagated t o  considerable depths i n  t h e  atmos
phere. 

Somewhat unusual cases, i n  which t h e  t o t a l  ioniz.‘ng rad ia t ion  i n  t h e  
s t ra tosphere i n c r e a s d  (Ref. 11) - reaching a pressure of about 1-50g*cm-”
were recorded i n  t h e  f irst  ha l f  of 1964 above Murmansk. These cases were 
recorded above Murmansk, bu t  were not discovered during simultaneous mea
surements above Mirnyy. 

D a t a ,  which were obtained i n  t h e  second ha l f  of 1964 and which have 
now been processed, ind ica te  an even grea te r  r ad ia t ion  propagation f lux,  
of up t o  300-400 g-cm -2 . The r e s u l t s  f o r  1964 a re  unique, s ince wetdid 
not observe such cases previously, beginning with 1957. It can be 
assumed t h a t  thLs new phenomenon i s  not only r e l a t ed  t o  rad ia t ion  of t h e  

/458 
Earth’s rad ia t ion  zone, bu t  a, lso t o  processes which a re  cha rac t e r i s t i c  
f o r  a so l a r  actLvi ty  minimum. 
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Figure 3 presents  experimental d a t a  per ta ining t o  sane of t hese  
cases. The rate at which discharges a r e  recorded i n  t h e  counter i s  
p lo t t ed  along t h e  ord ina te  ( t h e  GDC-1, w a l l  th ickness  corresponds t o  
t h e  range f o r  e lec t rons  of - 250 kev) 

It can be seen from t h e  behavior of t h e  poin ts  5 ( f o r  measurements 
of March 5) t h a t  when t h e  r ad io  probe r i s e s  upward, beginning a t  a pres
sure  of about 1.50 g-cm -2, t h e  l e v e l  of recorded r ad ia t ion  sharply 
increases .  This continues t o  a pressure of about 70 g*cm-2. With a 
fu r the r  pressure decrease, at which t h e  measurements were performed, t h e  
i n t e n s i t y  of t h e  recorded r ad ia t ion  sharply decreases and reaches an 
almost normal value at pressures  of about 18 gecm -2 The r ad ia t ion  inten
s i t y  at these  pressures  w a s  normal when t h e  rad io  probe w a s  launched 
(curve 6). It i s  d i f f i c u l t  t o  explain t h e  break i n  t h e  curve a t  pressures  
of about 70 g = ~ m - ~by something penet ra t ing  t h e  s t ra tosphere,  i n  addi t ion  
t o  a sharp decrease i n  t h e  outer  r ad ia t ion  leve l .  Therefore, it can be  
conclitded from t h e  d a t a  on t h e  second branch of t h e  curve (at pressures  of 
< 70 t h a t  t h e  r ad ia t ion  source was almost completely stopped f o r  
about 30 minutes. 

Two measurements on January 3 over Murma,nsk a l s o  point  t o  a radia
t i o n  increase i n  approximately t h e  same pressure ranges as on March 5. 

The observed cases of increased r ad ia t ion  i.n t h e  s t ra tosphere corres
pond t o  recurrent  magnetic storms (a  5 - i n d e x  value of 2-4 on these  days) 
and t o  large ionosphere per turbat ions.  For the  aurorae p o l a r i s  zone, 7459 
they correspond t o  radiowave absorption i n  t h e  F2 l aye r  of t h e  ionosphere 
(Ref. 12). According t o  d a t a  at Apatity, considerable absorption of galac
t i c  rad io  noise w a s  recorded on t h e  radiometer i n  e-Jery case, with t h e  
exception of Jan .1 .  I n  addition, no chromosphere f l a r e s  or r ad io  emission 
b u r s t s  on t h e  Sun were recorded during these  measurements (Ref. 13). Mea
surements performed on t h e  s a t e l l i t e  "Elektron-l" on t h e  i n t e n s i t y  of 
g a l a c t i c  cosmic r ad ia t ion  beyond t h e  outer  rad ia t ion  zone on March 5, 12, 
and 24 indicated t h a t  t h e  i n t e n s i t y  was no d i f f e ren t  from other  days. 
Cosmic ray i n t e n s i t y  on March 5 was even 5% lower than on March 4 (Ref. 1 4 ) .  
This ind ica tes  t h a t  t h e  excess r ad ia t ion  recorded i n  t h e  s t ra tosphere w a s  
not r e l a t ed  t o  cosmic ray f l a r e s  on t h e  Sun, and was most probably t h e  
r e s u l t  of e lec t rons  pouring out of t h e  outer  r ad ia t ion  zone of t h e  Earth.  

Based on t h e  f a c t  t h a t  t h e  r ad ia t ion  recorded i n  t h e  s t ra tosphere  
was due t o  photons of braking r ad ia t ion  from outer  r ad ia t ion  zone electrons,  
it i s  possible  t o  determine t h e  e f f ec t ive  photon energy from t h e  measured 
absorption curve of recorded rad ia t ion ,  and thus t o  determine the  order of 
magnitude of primary e l ec t ron  in t ens i ty .  These r e s u l t s  a re  given i n  t h e  
last colwnn of Table 3. The effect iveghoton energy w a s  c lose  t o  1Mev on 
January 3, March 5, and June 25. It i s  i n t e r e s t i n g  t o  riote thak on June 
25 a r ad ia t ion  i n t e n s i t y  increase w a s  a l s o  recorded above Apatity i n  the  
s t r a t o s p h e r e ;  when t h e  rad io  probe above Glen w a s  located a t  a pressure 
of 29 glsm-", t h e  apparatus above Apat i ty  w a s  located at  a pressure of 
15 g-cm . A comparison of t h e  excess rad ia t ion  i n t e n s i t y  a t  these  two

-2 
pressures shows t h a t  t h e  range of r ad ia t ion  absorption i s  - 16 g=cm., 
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TABL;E 3 
-

Photon Flux Electron 
Date Observational Pressure Effec t ive  of Braking Flux at t h e  

(1964) Time, Hours, Phot on Radiation Atmospheric 
Minut es go em Energy,MeV c lose  t o  t h e  

Atmospheric 
Boundary, 
em-2 *see-1 

1/1 8 18 -a 44 27-50 0.30 3.10" 
3/1- 7 57 -8 04 80-120 1 3 io6 
3/5 8 06 -8 57 25-143 1 3.10" 
3/12 8 45 -9 07 10-13 0.04 2 io7 
3/?4 13 38 -13 44 8-19 0.08 I O 6  

4/28 7 06 -7 36 6-25 0.3 io5 

6/25 a 49 -a 54 14-29 1 7010~ 

The cases which we record I a r e  most l i k e l y  instances i n  which e lec t rons  
poured out very s t rongly.  

According t o  measurements on the  s a t e l l i t e s  "Elektron-1" and 
"Elektr0n-2'~, t h e  maximum number of e lec t rons  with energies  exceeding 1Mev 
does not exceed 3 0 1 0 ~emm2=see-1 i n  t h e  outer  zone (Ref. 15). The concept 
of trapped e lec t rons  pouring out i n  t h e  outer  r ad ia t ion  zone cannot be  used 
t o  explain t h e  powerful r ad ia t ion  recorded i n  t h e  s t ra tosphere due t o  e lec
t rons  from t h e  zone, s ince t h e  primary e l ec t ron  i n t e n s i t i e s  obtained aye 
severa l  orders  of magnitude g rea t e r  than t h e  expected i n t e n s i t i e s .  On t h e  
basis of h i s  data ,  Anderson came t o  t h e  conclusion t h a t  t h e  mean i n t e n s i t y  
of e lec t rons  pouring out, determined by means of balloons,  was such t h a t  
t h e  outer  zone would have t o  vanish f o r  s eve ra l  hours. 

Thus, d a t a  on e lec t rons  pouring out of t h e  outer  r ad ia t ion  zone of 
t h e  Earth force one t o  draw t h e  conclusion t h a t  X-ray r ad ia t ion  i n  t h e  
s t ra tosphere is, i n  many cases, due t o  an add i t iona l  stream of e lec t rons  /460 
which a r e  formed during non-stationary processes of e lec t ron  acceleration-
occurring i n  the  Earth'semagnetosphere. The e f fec t iveness  of t h i s  process 
i n t e n s i f i e s  as t h e  so l a r  a c t i v i t y  decreases.  
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MEASuFiENENT RESITITS ON THE SATELLITE "KOSMOS-41" 
I N  THE OUTER F A D I A T I O N  ZONE 

S. N. Vernov, I. A. Savenko, M. V. Tel ' tsov, P. I. Shavrin 

The s a t e l l i t e  " K o s m 0 s - 4 1 ~ ~w a s  launched on August 22, 1964, onto an 
o r b i t  with an apogee of 39,855 km and a perigee of 394 km, which w a s  
incl ined t o  t h e  equator ia l  plane at an angle of 65'. It ca r r i ed  a radio
metric apparatus for studying rad ia t ion  trapped i n  t h e  magnetic f i e l d  of 
t h e  Earth. Table 1gives the  composition of t h e  apparatus. A de ta i led  
descr ipt ion of t h e  apparatus may be found i n  t h e  s tud ies  (Ref. 1, 2 ) 0  

Figure 1 shows the  proton i n t e n s i t y  change Np with an energy of 
0.4-7 Mev (curves f o r  September 3, 19, 21  and October 9, 1964), as wel l  
as t h e  magnetic f i e l d  s t rength  B (curve 1) and t h e  s a t e l l i t e  a l t i tudeabove  
the  Earth 's  surface h (curve 2) as a funct ion of t h e  parameter L (Ref. 3).
In t h i s  sect ion of t h e  s a t e l l i t e ' s  t r a j ec to ry ,  t h e  angle between t h e  
n-p-counter axis and t h e  magnetic force l i n e  i s  - 60°, i .e. ,  protons with 
pitch-angles of 30-90" were recorded. The recording of t h e  second 
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n-p-counter, which recorded protons of 3-8 Mev, w a s  always lower than,or 
on t h e  l e v e l  of, t h e  measurement range - i.e., ,< 3 -see-1 0 sterad-’ -
at  L = 3-5-10 fo r  t h e  indicated values of B on t h i s  t r a j e c t o r y  sec t ion  
during t h e  period from the  end of August t o  t h e  end of December, 1964. 
It can be seen from Figure 1t h a t  at L = 3.5 t h e  i n t e n s i t y  of protons 
with energies of 0.4-3 Mev w a s  2.lO5cm-” Osee-’=sterad-’ 

TABLE 1 /461 

Type of Detector Shielding 
- -. 

Geometric Factor 
- .  - _.. .

i
Type and energy 
J f  p a r t i c l e s  
recorded 

. . . . . . - . .  - . -

Semi-conducting 
n-p -counter w i t h  
s ens i t i ve  layer  
of 8 mg*cm-? . . 0.07 cm”-sterad 0.4 ,< Ep ,< 7 Mev 

If I t  . . . . . .  0.07 cm”*sterad ;MeV ,< Ep ,< 8 Mev 

Cylindrical  
During Forward 

pas sage
( K a J  ( T l )  E, > 600 kevs c i n t i l l a t o r  . . nin 0.18 8-cm-”A: 6.8 em”( i so t rop ic  Ep > 100 Mev 
Gas Discharge nin 0.15 g*cm-2Aj 4,3 cm”(isotropic E, 500 kev 
counters STS-5 0 f s t e e l  Q > 9 Mev 

n i n  0.84 g-cm-‘& 0.1 em2( i so t rop ic  E, > 2 MevSi-ZBG I .  . . .  t- s t e e l  Ep > 25 Mev 
Si-ZBG I1 . nin - 3 g-cm-2 0.1cm2(isotropic 

End-window gas 
discharge counters 

SBT-9 NO. 1 - 1mgocm-“mica 0.1 cm‘ sterad. E, > 25 kev 
Ep > 0.5 MevSET-9 NO. 2 - 1mgOcm-”mica Ool em 2 - s te rad  E, > 120 kevand ma,Cneti c  E-p > 0.5 Mevshielding 

SBT-9 Noo 3 20 mg-cm-2 ~ l ,  E, > I20 kev- 1mg-em-2 mica Ep > 3 Mev 

and magnetic 

shielding 


If t h e  proton in t ens i ty  decrease with increasing L i s  repre
sented by t h e  expression L-”,’ then n equals 30 f o r  a very abrupt 
proton i n t e n s i t y  decrease (September 19) In addi t ion t o  information from 
t h e  s a t e l l i t e  t r a j e c t o r y  sect ions indicated above, we have da ta  from t h e  
descending t r a j e c t o r y  sect ion in the  geomagnetic equator region. I n  t h i s  
case, t h e  s a t e l l i t e  moved almost along t h e  magnetic force l ine ,  and t h e ,  
n-p-counter axis formed a - 30” angle with the  magnetic force l i ne .  Thus, 
it was possible  t o  record a proton i n t e n s i t y  change at one and the  same 
L, ’but for considerably d i f f e ren t  values of B. The difference i n  t h e  mea
surement time a t  high l a t i t u d e s  and i n  t h e  e q ~ i a t o r i a lregion w a s  about 
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8 hours. Data a r e  given below from such measurements on September 1, 1964, 
at L = 5 at two poin ts  A and B of t h e  s a t e l l i t e  t r a j e c t o r y  (Table 2) .  

TABU 2 

h, thousand km 6.6 26 
A 49ON . 0 

e 60" 30" 
Nd, em- 2 see-' s terad-l 10A- 3 lo4 

By gauss 5.4 io- 0.25 

( A  - geomagnetic l a t i t u d e ;  8 - angle between 
t h e  n-p-counter ax i s  and t h e  magnetic force  l i ne ;  
Np - i n t e n s i t y  of protons w i t h  an energy of 0.4-3 Mev). 

If it i s  assumed t h a t  t h e  pitch-angle d i s t r i b u t i o n  of protons i n  t h e  
equa to r i a l  plane s a t i s f i e s  t h e  expression P = sinmi 9, where a = 2 ( t h i s  
c lose ly  coincides with experimental da t a  [Ref. 4]), then t h e  coe f f i c i en t  
6 must be introduced for normalizing t h e  i n t e n s i t y  at the  point  B, and 
t h e  i n t e n s i t y  r a t i o  Np(B) becomes equal  t o  18. We thus f i n d  t h a t  

k GS 1, represent ing t h e  a l t i t u d i n a l  p a t t e r n  as (B/BeqUa)-". /463 
If it i s  assumed t h a t  t h i s  a l t i t u d i n a l b e h a v i o r  f o r  protons having 

our detecthe  energy given above i s  va l id  for small L then ah L = 3.- I  i n  t he  geot o r  could record a proton flux of - 6 ~ 1 0 6 c m z z ~ s e c ~ 1 ~ s t e r a d  

magnetic equa to r i a l  plane. 

Figure 2 presents ,  i n  t h e  same form as i n  Figure 1, da ta  derived from 
recording outer  r ad ia t ion  zone e lec t rons  during September, 1964. Curves 
5 and 6 represent  t h e  recording r a t e  of t h e  gas discharge counters Cu-ZBG I 
and 11, respec t ive ly  ( i n  cm-2-sec-1), which d i f f e r  only i n  t h e i r  shielding.  
k r v e  4 represents  t h e  change i n  t h e  mean anode current of t h e  photomulti
p l i e r  with a c r y s t a l  of NaJ(T1) i n  Mev*sec-'. Protons with an energy of 
Ep > 10 Mev, e lec t rons  with E, > 600 kev with d i r e c t  passage i n  t h e  c r y s t a l  
and e lec t rons  having lower energy caused by braking r ad ia t ion  may make a 
contr ibut ion t o  t h e  s c i n t i l l a t i o n  de tec tor  current.  For purposes of com
parison, Figure 2 presents  a curve f o r  t h e  de tec tor  recording r a t e  of 
protons with an energy of 0.4-7 Mev (curve 3 ) .  It can be  seen from t h e  
behavior of t h e  curves t h a t  t he  maximum i n t e n s i t y  of outer  r ad ia t ion  zone 
e lec t rons  i s  recorded at L = 5. I n  addition, t h e  more abrupt decrease 
(with an increase i n  L) i n  t h e  recording r a t e s  of t h e  gas discharge counters 
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Figure 1 

recording energe t ic  e lectrons,  as, compared with t h e  photomult ipl ier  
current,  ind ica tes  t h a t  t h e  spectrum of outer  zone e lec t rons  s h i f t s  t o  
a low-energy region with i ~ nincrease  in L. It should 'be noted t h a t  
t h e  r a t i o  of e l ec t ron  i n t e n s i t i e s  recorded i n  t r a j e c t o r y  sec t ions  A and 
B by t h e  Si-ZBG gas discharge counters i s  20 i n  t h e  case 0 7  L = 5.' 

The processing of data, from other  s a t e l l i t e  crossing::. a,t t h e  same 
geoma,petic l a t i t u d e s  and dis tances  from t h e  Earth shows iha.'; changes 
i n  t h e  c o n f i p r a t i o n  and i n t e n s i t y  of t h e  outer  sec t ion  of t h e  proton 
zone a re  r e l a t ed ,  as a rule, t o  changes i n  t h e  outer  e l ec t ron  r ad ia t in?  
mne.  

The lower por t ion  of Figure 3 uses do t s  t o  ind ica t e  t h e  i n t e n s i t i e s  
of protons recorded i n  t h e  same s p a t i a l  region as f o r  Figure 1a t  d i f f e r 
ent  L; t h e  upper por t ion  of t h e  Figure shows t h e  i n t e n s i t i e s  of outer  
r ad ia t ion  zone e lec t rons  'based on data, from t h e  Si-ZBG I 'between August
28 a,nd October 10, 1964. For purposes of i l l u s t r a t i o n ,  Figure 3 presents  
curves f o r - t h e  i n t e n s i t y  changes of e lec t rons  and protons f o r  September 
4 and 19. 

Normalization i s  not required i n  t h i s  case, s ince  t h e  r ad ia t ion  
recording by t h e  Si-ZBG gas discharge counters i s  almost i so t ropic .  
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Figure 4 

It should be noted t h a t  t h e  grea tes t  va r i a t ion  i n  e lec t ron  in t ens i ty  
occurs i n  t h e  L = 5-7 region f o r  f ixed L. There i s  a change i n  the  posi
t i o n  of t h e  maximum as w e l l  as a change i n  t h e  maximum in tens i ty ,  and t h e  
var ia t ions  increase with an increase i n  L f o r  p r o t o n . i n t e n s i t i e s  up t o  
L = 10. These va r i a t ions  and t h e i r  i n t e rco r re l a t ion  w i l l b e , i n v e s t i g a t e d  
i n  grea te r  d e t a i l ,  with allowance f o r  t h e  spec i f i c  geomagnetic environment. 

In ce r t a in  cases, t h e  'semiconductor de tec tor  recorded a sharp /464 
increase i n  t h e  low-energy proton flux at l a rge  L. Curve 3 i n  Figure 4 
represents  such a peak of e lec t ron  i n t e n s i t y  recorded on September 29, 
1964, a t  L = 9.5. In  comparison with t h e  normal proton iutensi t j r  i n  t h i s  
region of space (curve 4 f o r  August 31, 1964), t h e  i n t e n s i t y  increased by 
th ree  orders of magnitude. The s c i n t i l l a t i o n  de tec tor  recording with a 
90-kev threshold (curve 1) was somewhat higher than usua l  (curve 2)  f o r  
September 29, and it increased by a fac tor  of 3 i n  t h e  region of t h e  pro
t o n  peak. The Si-ZBG I, I1 detec tors  (curves 5 and 6) indicated no 
changes, and t h e i r  recording exact ly  coincided w i t h  t h e  usua l  recording. 
A s m a l l  storm with a gradual commencement w a s  recorded by s t a t ions  on t h e  
Earth between zero hours UT on September 28 and 3 hours on September 29, 
and t h e  K-index doubled on September 29 (Ref. 5). 

Figure 1a l s o  presents  anomalous phenomena occurring at t h e  outer  
protonosphere boundary ( the  curve f o r  September 3). A smoother proton 
i n t e n s i t y  peak w a s  observed here- at L M 8.5 
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STUDY O F  RADIATION INTENSITY LN THE RADIATION ZONES O F  THE 
EAHTH ON THE "KOSMOS-l7'' AFS 

(Su"ary 1 
G o  A. Kirdina, Yu. M. Kulagin, A. B. Malyshev, 
M. N. Nazarova, P. M. Svidskiy, I. S. Yudkevich 

Data a re  presented which were derived from recording charged p a r t i 
c l e  streams i n  t h e  Earth 's  r ad ia t ion  zones. by Geiger and s c i n t i l l a t i o n  
counters i n  t h e  260-780 lan a l t i t u d i n a l  range between Xay 22 and May 30, 
1963 

B, Ecoord ina tcs  a r e  used t o  represent t h e  r e s u l t s  derived f rom 
Geiger counter measurements of penetrat ing p a r t i c l e  streams (e lec t rons  
with an energy of E, > 2.7 Mev, protons with an energy of % > 30 Mev) 
i n  t h e  inner  r ad ia t ion  zone. A comparison of t h e  simultaneous measure
ments by s c i n t i l l a t i o n  counters and by Geiger counters having d i f f e r e n t  
screening showed t h a t  i n  the  1.15 ,< L S 1.6 range t h e  main port ion of 
recorded i n t e n s i t y  w a s  due t o  penetrat ing e lec t rons  in jec ted  during t h e  
h igh-a l t i tude  nuclear explosion of Ju ly  9, 1962. The maximum f l u x  of 
e lec t rons  wit-h an energy of E, > 2.7 Mev was 5*105cm-2~sec-1i n  t h e  
region with L = 1.2-1.25 and B = 0.19 gauss. Primarily protons with 
an e n e r a  of 2 30 Mev were recorded i n  t h e  d r i f t  envelopes with 
L = 1.6-2.5. 3he f l u x  of these  protons increased by approximately one 
order of magnitude as compared with 1958. This increase can be  explained 
by decreased solar a c t i v i t y  during t h e  11-year so la r  cycle. 

During magnetically quiet  days, t h e  i n t e n s i t y  m a x i m  i n  t h e  outer  /465 
zone w a s  recorded a t  L = 4.7-4.8. During a period of increased magnetic 
ac t iv i ty ,  t h e  maximum pos i t ion  sh i f t ed  toward smaller L. 



I n  t h e  gap between t h e  zones, t he re  w a s  a na.rrow region 
(L- 2.5-2.7)) i n  which e lec t rons  with an energy of 0 .1  < Ee ,< 1.5 M1?v 
were recorded- The r ad ia t ion  i n t e n s i t y  i n  t h i s  region and i t s  maximum 
pos i t ion  depend greatLly on t h e  l e v e l  of magnetic a c t i v i t y .  

Stable  corpusc1-llai* streams were discovered under t h e  lower boundary 
of t h e  inner  zone a t  d r i f t  envelopes with L 2 1.05; t hese  were apparently 
streams of s o f t  e lec t rons  wtth energies of 50-100kev, which were con
nected with the  r ad ia t ion  zones of t h e  Earth. The t o t a l  d i s t r i b u t i o n  of 
these  streams indica tes  t h a t  t h e  corpuscles recorded were captured i n  the  
geomagnetic t r a p .  The f luxes  reached values of 1O6-1Ob cm-d*sec-1 , a.n.7 
?o-,:?-dnot be c l a s s i f i e d  as sporadic phenomena. 

THE PR0BL;EM OF COFEUSCULAR R.A.tXATION 

I N  PRl3-EQ!Jl:.TORIAL FEGIONS AT LOW AITITUDES 


I. A. Savenko, P- I Shavrin, L. V. Tverskaya 

During f l i g h t s  of t he  Soviet . spacecraf ts  and s a t e l l i t e s  i n  t he  
"Kosmos" ser ies ,  it w a s  found t h a t  t h x e  a re  s ign i f i can t  e lec t ron  streams 
even close t o  t h e  geomagnetic equator at low a l t i t u d e s  (300-400 km) 
(Ref. 1). It may be assumed t h a t  t h i s  i n t e n s i t y  i s  due t o  t h e  decay of 
cosmic ray albedo neutrons. Since t h e  d r i f t  o r b i t s  rap id ly  r i s e  upward 
t o  t h e  eas t  of t h e  Braz i l ian  geotagnetic anomaly, these  e lec t rons  could 
be trapped and could be s tored f o r  one d r i f t  revolution. If the  l a t i t u d 
i n a l  and pitch-angle region i s  determined (as a funct ion of longitude A )  
i n  which s tab le  capture i s  possible,  then the  i n t e n s i t y  accumulated over t h e  
time t may be r ead i ly  computed. 

- -_ _ _  

200 750 
300 650 
405 490 
500 310 420 
600 280E 1 370 



TABLE 2 

400 km 


The range f o r  pitch-angles,  a t  -which capture takes  place, expands /466 
as t h e  d r i f t  t r a j e c t o r y  r i s e s  above t h e  capture a l t i t u d e  f o r  e lec t rons  
with a 90" pitch-angle a t  the  equator. However, beginning at a l t i t u d e s  
which exceed the  c r i t i c a l  a , l t i tude  by - 100 km, the  range width becomes 
almost constant ( I y I  ,< 12). Table 2 presents  pitch-angle ranges (Y) 
f o r  e lec t rons  having d i f f e ren t  energies at d i f f e ren t  a l t i t u d e s  (computed 
according t o  t h e  4D model). 

According t o  (Ref. 3), - 30% of e lec t rons  from neutron decay corres
pond t o  a pitch-angle ran e of 12"; consequently, t he  i n t e n s i t y  of t h e  
sources g i s  M 3.10-12cm-'-sec-l. 

TABLE 3 

290 332 i . i . 1 ~ ~  

268 350 9.4-103 

224 18 6.9.103 

Table 3 presents  t he  r e s u l t s  derived from computing the  expected in
t e n s i t y  values at an a l t i t u d e  of 500 km (model 4 D ) .  Here A i s  t h e  obser
va t iona l  Icngitude; ho - t h e  longitude at which the  accumulation of 
e lec t rons  with energies  of > 300 kev begins at t h e  d r i f t  envelope passing 
through A; t - t he  corresponding d r i f t  time from lo t o  h (accumulation 
t ime);  I - i n t e n s i t y  at t h e  point  A.  

I n t ens i ty  on t h e  ascending branch of t h e  d r i f t  o r b i t  i s  s m a l l ,  s ince  
the  e lec t rons  rap id ly  move upward from t h e  given a l t i t u d e .  The greakest 
i n t e n s i t y  i s  expected above t h e  Pac i f ic  Ocean and South America ( i .e . ,  on 
t h e  western edge of t he  Braz i l ian  anomaly, where t h e  accumulated p a r t i c l e s  
descend to t h e  nhservat ional  a l t i t u d e )  
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Thus, t h e  neutron mechanism i s  powerful enough t o  c rea t e  an i n t e n s i t y  
of - 103cmm2sec-l  during t h e  longi tudina l  d r i f t .  
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2. 	 Nieolet .  Aeronomy. Translation from t h e  English. "World press", 
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3. 	 Hess, W. H., Canfield, E.  H., Lingenfelter,  R. E. J. Geophys. Res.,
66, No. 3, 665, 1961. 

4. Van Allen. I n  "Radiation Zones of t h e  Earth",  Moscow, p. 14, 1962 

INTERACTION OF SOLAR WIXD AND GEOMAGNETIC FIEID 

(Su"a ry )  

M. V. Samokhin 

This repor t  i s  devoted t o  summarizing t h e  domestic and foreign 
t h e o r e t i c a l  s tud ies  on t h e  form of t h e  magnetosphere boundary, t h e  
t r a n s i t i o n a l  tu rbulen t  layer,  and t h e  shock wave produced dur5ng super-
Alfven flow around t h e  geomagnetic cavity.  The introduct ion presents  a 
l is t  of a r t i f i c i a l  s a t e l l i t e s  and rockets  employed t o  study t h e  magneto
sphere, as wel l  as the  main measurement r e s u l t s .  Both approximate and /467
accurate methods a r e  employed t o  determine t h e  form of t h e  magnetosphere 
( the  approximate method of Beard connected with s impl i f ica t ion  of t h e  
boundary conditions, a s t r i c t  solut ion f o r  t h e  two-dimensional region, 
and t h e  moment technique).  The shock wave form i s  determined by a 
d i f f e ren t  physical  model - f o r  example, t h e  problem of supersonic flow 
around a spher ica l  body having a radius  equal l ing the  magnetosphere 
rad ius  at the  point  where t h e  stream stops,  i s  invest igated.  The mea
surements and computations coincide s a t i s f a c t o r i l y  f o r  t he  s o l a r  s ide  
of the  magnetcsphere. 
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STRUCTURE OF THE BOUNDARY LAYER BETWEEN A 

RAREFIED PLASMA AND A MAGNETIC FIELD 

( su"ary 1 
Yu. S. Sigov 

The stationary problem of the microstructure of the boundary between a 

magnetic field and a fully ionized gas is solved in flat geometry (Chapman-

Ferraro model). The behavior of electrons and ions is described by col- 1467 

lisionless kinetic equations. 


The proposed method entailing numerical solution of a nonlinear equation 
system for a self-consistent electromagnetic field makes it possible to obtain 
the over-all spatial picture of the boundary layer for arbitrary particle dis
tribution functions - assuming there is no electric neutrality within the 
boundary layer. 

Computations performed on an IBM computer have provided quantitative 

estimates of the main physical characteristics of the transitional layer: 

spatial scales, extreme values of charges and currents, electrostatic po

tential jumps, etc. 


The discussion covers problems related to the energy balance in the 

boundary layer and energy re-distributionbetween heavy and light components 

of the plasma. Oblique incidence of a plasma stream on a "magnetic wall" 

is examined. It is found that a change in the angle of incidence can lead to 

a sharp rearrangement of the self-consistent electrostatic field, while the 

spatial picture of the magnetic field change? to a much smaller extent. The 

relativistically-invariant form in which the solution is carried out produces 

results for a wide particle energy range in the plasma. 


THE OUTERMOST ZONE OF CHARGED PARTICLES 

K . I .  Gringauz, M.Z. Khokhlov 

This report examines the results deri7:ocl f r m  stucying zones of charged 
particles with comparatively low energies (from - 100 ev to 10-40kev) 
located beyond the outer radiation zone (including new data obtained from the 
satellite "Elektron-2" and the space rocket "Zond-2". 

As is known, the radiation zones of the Earth were discovered in /468
1958 when experiments studying cosmic rays were performed. These experiments 
employed devices which could only record comparatively high-energy particles, 
beginning with tens of kev, and the impression was initially gained that 
conditions which are characteristic for interplanetary space exist beyond the 

633 




boundary of t h e  trapped r ad ia t ion  zones. 

Experiments with charged p a r t i c l e  t r a p s  (Ref 1) on Soviet  lunar  rockets  
disclosed that t h e r e  i s  a zone i n  which e lec t rons  accumulate c lose  t o  the geo
magnetic equator beyond t h e  outer  r ad ia t ion  zone. I n  t h i s  zone, the concen
t r a t i o n  and fluxes of e lec t rons  considerably exceed t h e  cancentrat ion and 
fluxes of e lec t rons  i n  t h e  outer  r ad ia t ion  zone. According t o  data from the 
rocket "Luna-2", t h i s  zone exten8s on t h e  order  of 40,000 km. I n  ( R e f  2 )  
the appearance of in tense  ( - 10 cm-2 0sec-l)  low-energy p a r t i c l e  f luxes  be
yond t h e  outer  r ad ia t ion  zone was in t e rp re t ed  as t h e  r e s u l t  of s o l a r  plasma 
streams in t e rac t ing  with per iphera l  regions of t h e  Ea r th ' s  magnetic f i e l d .  
The mechanism c i t e d  i n  ( R e f  3 )  w a s  examined as one of t h e  poss ib le  processes 
by which t h e  s o l a r  plasma i s  thermolysized. Other d i f f e r e n t  mechanisms f o r  
s o l a r  plasma e l ec t ron  acce le ra t ion  w e r e  la ter  inves t iga ted  ( R e f  4 ,5 ) .  However, 
t he  main idea t h a t  t he  outermost zone was formed as t h e  r e s u l t  of c e r t a i n  
boundary e f fec ts ,due  t o  t h e  in t e rac t ion  of s o l a r  plasma streams with t h e  Ear th ' s  
magnetic f ie ld ,completely re ta ined  i t s  v a l i d i t y .  

Although more than f i v e  years  have passed s ince  t h i s  zone w a s  discovered 
by t h e  Soviet  l una r  rockets ,  a considerable por t ion  of t h e  s tud ie s  devoted t o  
it appeared only a f te r  1962, ana t h e  terminology per ta in ing  t o  t h i s  zone has 
s t i l l  not been establ ished.  A t  f i r s t  it w a s  ca l l ed  t h e  " t h i r d  r ad ia t ion  zone'' 
( R e f  6,~). I n  order  t o  emphasize t h e  d i f f e rence  between t h e  physical  f ea tu re s  
of t h i s  zone and t h e  r ad ia t ion  zones, it w a s  proposed i n  1961 ( R e f  8) t h a t  t h i s  
zone - where low-energy charged p a r t i c l e s  e x i s t  and which i s  located between 
t h e  zone of trapped r ad ia t ion  and t h e  unperturbed s o l a r  wind - be ca l led  t h e  

~~ -outermost b e l t  of charged p a r t i c l e s  (see a l s o  [ R e f  9, lo]), o r  more recent ly  t h e  
outermost zone of charged p a r t i c l e s  ( R e f .  11) Other designat ions - p a r t i c u l a r l y  
t h e  name "auroral  rad ia t ion"  which was proposed i n  ( R e f  12 )  f o r  streams of 
s o f t  charged p a r t i c l e s  beyond t h e  ou te r  boundary of trapped r ad ia t ion  - are 
less  s u i t a b l e  i n  our  opinion. 

1. Experimental Data 

The t a b l e  below presents  i n  chronological order  (according t o  launch 
d a t e )  t h e  space vehicles  which obtained d a t a  on streams of s o f t  e lec t rons  and 
protons beyond t h e  r ad ia t ion  zones. The observat ional  method i s  given, as wel l  
a s  t h e  values of t h e  angle  he, (see Figure 7), corresponding t o  the  observa
t i o n a l  t i m e s .  . 

The o r b i t s  of t h e  majori ty  of t h e  space vehicles ,  which a re  l i s t e d  i n  the  
t ab le ,  pass  c lose t o  t h e  e c l i p t i c  plane.  Only "Mars-1" and "Elektron-2" 
observed e l ec t ron  s t r eahs  with E, > 100 ev beyond t h e  trapped r ad ia t ion  bound
aries a t  high l a t i t u d e s  (and grea t  d i s t ances  from t h e  Earth) .  

2. Observations a t  Low Lat i tudes 

Due t o  i n s u f f i c i e n t  space, w e  s h a l l  confine ourselves  t o  br i -e f ly  exam
in ing  only seve ra l  c h a r a c t e r i s t i c  examples of so f t  e l ec t ron  stream recordings.  
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Figure 1 

Collector  Currents of I n t e g r a l  Charged P a r t i c l e  
Traps (Ref. 1) and Recording Rate of Hard Radiation (Ref. 20) 

1 - Upper boundary of co l l ec to r  cur ren ts  i n  t r a p w i t h  a re ta rd ing  
g r id  p o t e n t i a l  of cp = -10, -5 and 0 v; 2 - lower boundary of t he  
same cur ren ts ;  3 - upper boundary of cur ren ts  i n  a. t r a p  with 
cp = 15 v; 4 - recording r a t e  i n  r e l a t i v e  units. 

Figure 1presents  co l l ec to r  current  recordings from i n t e g r a l  
charged p a r t i c l e  t r a p s  ca r r i ed  on the  space rocket "Iuna-2" launched /469 
on the  nocturna.1 s ide .  The same f igu re  presents  da t a  from the  readings 
of counters f o r  more energetj-c p a r t i c l e s  car r ied  on the  rocket (Ref. 20).  
A s  can be seen from t h e  f igu re ,  i n  t he  case under consideration the  zone 
of intense f luxes  of so f t  e lec t rons  Lies almost e n t i r e l y  outs ide of t h e  
zone i n  which energe t ic  p a r t i c l e s  were recorded. These zones overlapped 
considerably during t h e  experimentson the  rocket ffLuna-lfflaunched on 
the  d iu rna l  s ide .  

It should be noted t h a t  t he  "Luna-2" t r a j e c t o r y  passed close t o  t h e  
geomagnetic equator, and in t e r sec t ed  it at  t h e  dis tance-8.5 Re. 

Figure 2 shows t h e  i n t e n s i t y  behavior of e l ec t ron  streams recorded /471 
on the  d i u r n a l  s ide  by means of an i n t e g r a l  t r a p  ca r r i ed  on t h e  s a k e l l i t e  
"~xplorer -18"  (Ref. 16). J u s t  as i n  the  case of "Luna-l", e l ec t ron  
streams were observed on both  s ides  of t he  trapped r ad ia t ion  boundary 
(on t h e  d i u r n a l  s ide  c lose  t o  t h e  geomagnetic equator, t h e  trapped r a d i 
a t i o n  boundary coincides with t h e  magnetosphere boundary). Due t o  the  
f a c t  t h a t  t h e  apogee of t h e  "~xplorer -18"  o r b i t  was a grea t  d i s tance  
from the  Earth, it a l s o  recorded t h e  outer  boundary of t he  t h e n o l y z e d  
s o l a r  plasma zone which w a s  i d e n t i f i e d  with t h e  shock wave f r o n t .  Streams 
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Figure 2 

Streams of Electrons With E > 100 ev Based on Data 
From t h e  I n t e g r a l  Trap on t1eExplorer-18" (Ref. 16) 

l es 
.

"Luna-1'' [Ref. 61 285" 

una-2 [Ref. 13 1.35 
I1 

I'Explorer -1.2 ;Ref. 13, 285-360 
141 md 225 

"Mars-1" [Ref. 15: 200 

''Explorer-18" [Ref. 16, 
171 '70-360 

"Elektron-2 'I [Ref 181 

?go and 
210 

[Ref. 19: 

[Ref. 111 230 

Measurement Method 
~ _ _  

I n t e g r a l  t r a p  (e lec t rons  
with E,> 200 ev) 
I t  I1  

In t eg ra l  de tec tor  
CdS (Ee> 200-500 ev) 

I n t e g r a l  tra,p 
(Ee> 100 ev) 
I1  I t  

Modulation t r a p  (Ei- kev 
ions, 65-210 ev e lec t rons)  

E lec t ros t a t i c  analyzer 
( E i  - kev ions) 

In t eg ra l  t r a p  (E,> 100 ev 
e l ectrons) 
Elec t ros t a t i c  analyzer 
(ions and e lec t rons  with 
E - 100 ev-10 kev) 

I n t e g r a l  t r a p  (electrons 
with Ee> 70 ev) 
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figure 3 

Readings from Equipment on the  S a t e l l i t e  "Ekplorer-12" 
During In t e r sec t ion  of the  Magnetosphere Boundary on 

November 13, 1961 (Ref. 13) 
a 	- Recording of' hard rad ia t ion :  1 - 40 d E, ,< 50 kev, 

2 - EeB 16 MeV, Ep > 20 MeV, 3 - 80 ,< Ee < 100 kev; 

b - Magnetometer readings; a - angle between H and direc
t i o n  of t he  s a t e l l i t e ' s  axis of ro ta t ion ,  - angle 
between the  planes, one of which contains  H and the  
s a t e l l i t e ' s  axis of ro ta t ion ,  and t h e  second of which 
contains the  a x i s  of r o t a t i o n  and t h e  Sun-satellite 
l i n e  ; 

c - t o t a l  energy de tec to r  readings of CdS-1; background - 2. 

of protons (Ref.  17) ( they were recorded with an e l e c t r o s t a t i c  analyzer 
i n  [Ref. 181) with energies  of up t o  - 5 kev, as w e l l  as omnidirectional 
e lec t ron  streams i n  the  65-210 ev range (Ref. 17), w e r e  reconled t b u g h o u t  
t he  e n t i r e  t r a n s i t i o n a l  region beyond t h e  magnetosphere boundary with a 
modulation t r a p .  For protons i n  the  t r a n s i t i o n a l  zone, t h e  i n t e n s i t y  
of streams o r ig ina t ing  from t h e  Sun was almost double t h e  intensi ty  of 
streams coming from t h e  opposite d i rec t ion .  
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Figure 4 

Constant Component of Col lector  Current of 
Modulation Trap on the  In te rp lane tary  S ta t ion  "Zond-2" 

Figure 3 presents  i h e  da ta  obtained on "Explorer-12" when t h e  
s a t e l l i t e  i n t e r sec t ed  t h e  magnetosphere boundary on t h e  s ide  below the  
Sun on November 13, 1961 (Ref. 13). There w a s  a s m a l l  maximum i n  the  
readings of t he  CdS total-energy de tec to r  c lose  t o  t h e  boundary within 
the  magnetosphere, as we l l  as an i n t e n s i t y  maximum of f l u e s  of e lec
t rons  with an energy of 40-50 kev. Immediately beyond t h e  magnetosphere 
boundary .(determined by t h e  magnetic f i e l d  jump and by the  beginning of 
t he  turbulen t  f i e l d  region beyond it) t h e r e  w a s  a sharp increase i n  the  
stream of energy rec,orded by t h e  CdS c r y s t a l  up t o  - 50 erg*cm-"*sec-l. 
An i n d i r e c t  determination of t he  e l ec t ron  f l u x  and the  e l ec t ron  energy 
gave, respect ively,  Ido cm-2*sec-1 and 2.5 kev. Measurements were per
formed during a magnetic storm and f o r  unperturbed conditions which 
were not t yp ica l ,  on the  average. The work (Ref. 1 4 )  analyzes a l l  other  
cases i n  which e l ec t ron  streams were observed beyond the  magnetosphere 
boundary. After each successful  ( t h e  CdS c r y s t a l  w a s  not exposed t o  s o l a r  
r ad ia t ion  r e f l ec t ed  by the  Earth) i n t e r sec t ion  of t h e  magnetosphere bound
ary, e lec t rons  were observed, whose f l u x  exceeded the  threshold value of- 1 erg-em -2 *see-' ( t he  region i n  which e l ec t ron  streams were recorded i s  
shown i n  Figure 8). 

Streams of e lec t rons  with an energy of -0.5-40 kev were again recorded 
by means of t h e  same total-energy de tec to r  on the  nocturnal  s ide  (Ref. 14) .
It w a s  not possible  t o  determine t h e  energy more accurately.  There a r e  d i s 
crepancies i n  t h e  e l ec t ron  f lux determination. I n  (Ref. 10) t he  f l u x  i s  
estimated as N 108-109 cm-2*sec-1, while i n  (Ref. 14) a value of 
.- 1012cm-2*sec-1 i s  given. There i s  no d i r e c t  connection observed between 
the  nocturnal  and d iu rna l  regions of e l ec t ron  f luxes,  based on d a t a  

rtobtained on Explorer-12" (Ref. 13, 14) .  

The t r a j e c t o r y  of t he  cosmic rocket ' 'Z0nd-2~~passed above t h e  noc
t u r n a l  s ide  of t h e  Earth, approximately a t  t h e  point  where the  nocturnal 
region of e l ec t ron  streams was observed on "Ekplorer-I2". Figure 4 shows 
t h e  behavior of t h e  co l l ec to r  current  constant component of the  modulation 
t r a p  ca r r i ed  on t h e  s a t e l l i t e ,  up t o  a geocentric d i s tance  of' - 7.3 Re, at 
which t h e  first measurement period was terminated (Ref. 11). I n  t h i s  
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Collector  Currents of I n t e g r a l  Charged P a r t i c l e  Traps 
( R e f .  15) and Recording Rate of Hard Radiation ( R e f .  21) 

on the  In te rp lane tary  S ta t ion  "Mars-1" 

1 - Potent ia , l  of re ta rd ing  g r id  cp z= 0; 2 - cp = 50 v; 3 -
recording r a t e  i n  r e l a t i v e  un i t s .  

t r a j e c t o r y  section, no proton streams were recorded by t h e  modulation 
port ion of t h e  c i r c u i t .  The e lec t ron  f l u x  amounted t o  - 3*1O8cm-"-sec-1 

when the  measurement per iod ended, which w a s  a considerable quantity.  

3. Observations a t  High Geomagnetic Latitudes 

A s  has a.lready been indicated,  only "Mars-1" and "Elektron-2" 
observed intense e lec t ron  fluxes of low energies  ( E e k  100 ev) .  a t  high 
l a t i t u d e s  (and a t  grea t  d i s tances  from the  Earth).  

The t r a j e c t o r y  of t h e  in te rp lane tary  s t a t i o n  "Mars-1" passed above /472
t he  nocturnal s ide  of t he  Earth close t o  t h e  meridional plane, passing 
through the  Earth-Sun l ine .  Figure 5 shows t h e  collectok. current  
recordings f o r  two i n t e g r a l  t r a p s  on t h i s  s t a t ion ,  according t o  ( R e f .  1 5 ) .  
Curve 3 i n  Figure 5 descr ibes  t h e  change i n  t h e  r a t e  a t  which.the more 
energet ic  p a r t i c l e s  were recorded ( R e f .  21). A comparison of curves 1 
and 2 shows t h a t  i n  t h i s  case t h e  per iphera l  ionosphere region w a s  i n t e r 
sected, as we l l  as t h e  outermost zone of charged p a r t i c l e s .  It should be 
noted t h a t  t h e  zone containing soft e lec t ron  streams l i e s  between the  
force l i n e s  of t h e  geomagnetic d ipole  corresponding to t he  geomagnetic 
l a t i t u d i n a l  range of - 63-73' (Figure 6), i n  which t h e  zone of m a x i m u m  
aurorae po la r i s  recurrence i s  located. 

"Elektron-2" was t h e  f i r s t  s a t e l l i t e  t o  study low-energy charged 

639 



Re 

Figure 6 

Location of t h e  "Mars-1"Trajectory With Respect t o  
the  Force Lines of an I d e a l  Geomagnetic Dipole 

The dark sec t ion  of t he  curve ind ica tes  t h e  region 
where so f t  e lec t ron  streams were recorded (Ref. 15) 

p a r t i c l e s  at  grea t  d i s tances  from t h e  Earth at high l a t i t u d e s  and t o  
car ry  out these  s tud ie s  systematical ly  f o r  a long period of time. 
Electron streams were recorded by an e l e c t r o s t a t i c  analyzer car r ied  on 
the  s a t e l l i t e  (Ref. 19) and an i n t e g r a l  charged p a r t i c l e  t r a p  (Ref. 22). 
When the  da t a  obtained a r e  compared, t he  f a c t  should be kept i n  mind 
t h a t  primary da ta  a r e  given f o r  t he  t r a p  ( co l l ec to r  cur ren t ) ,  while f o r  
t h e  analyzer t he  magnitude of recorded streams - i .e . ,  t he  photocurrent 
magnitude i n  the  co l l ec to r  c i r c u i t  - had been already computed. Atten
t i o n  should be ca l l ed  t o  t h e  sa t i s f ac to ry ,  q u a l i t a t i v e  agreement between 
da ta  obtained from two d i f f e r e n t  devices.  Intense e lec t ron  streams with 
energies  of up t o  10 kev were systematical ly  observed, according t o  da t a  
from t h e  e l e c t r o s t a t i c  analyzer, outs ide of t he  trapped rad ia t ion  region 
( L  > - 7.5). It should be noted t h a t  e l ec t ron  streams were not always 
observed, according t o  da t a  from t h e  i n t e g r a l  tra,p. We must r e c a l l  t h a t  
t h e  co l l ec to r  cur ren t  f o r  t h e  "Elektron-2" t r a p  w a s  determined by the  
d i f fe rence  between the  f luxes  f a l l i n g  on t h e  co l l ec to r ,  having a 
value determined by the  s a t e l l i t e  po ten t i a l ,  and e lec t rons  having an 
energy of E,> 100 ev. The minimum co l l ec to r  current  which could be 
recorded corresponded t o  a flux of 3*107cm-2-sec-1 ( see  [Ref. 221 f o r  
more d e t a i l s  on t h i s  po in t )  The measurement r e s u l t s  ind ica te  s ign i f icant  
i n s t a b i l i t y  of t h e  outermost charged p a r t i c l e  zone, which coincides with 
the  i n s t a b i l i t y  of t h e  s o f t  e l ec t ron  component of the  outer  rad ia t ion  
zone (Ref. 22). Just  as w a s  found i n  experiments on other  space vehiclesj473 
the  s o f t  e l ec t ron  stream zones p a r t i a l l y  overlapped t h e  trapped rad ia t ion  
zones . 
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4. S p a t i a l  Dis t r ibu t ion  of Sof t  Electron Streams 

Figure 7a and b shows t h e  s p a t i a l  d i s t r i b u t i o n  of s o f t  e l ec t ron  streams 
a d  proton streams observed on d i f f e r e n t  space vehicles  a t  grea t  d i s tances  
from t h e  Earth ( i n  a pro jec t ion  on t h e  e c l i p t i c  and on t h e  meridional plane 
perpendicular t o  it; t h e  Xse a x i s  i s  d i r ec t ed  toward t h e  Sun; t h e  so-called 
s o l a r - e c l i p t i c  coordinate system i s  employed). 

The t r a j e c t o r y  sect ions,  on which streams of s o f t  charged p a r t i c l e s  
were recorded, formed two regions - nocturnal  and d iu rna l  regions - close 
t o  the  e c l i p t i c  plane (Figure 7,a). 

1. The d iu rna l  region i s  loca ted  along t h e  magnetosphere boundary towards 
tho  Sun. The outer  boundary of t h i s  region coincides with t h e  shock wave 
f ron t ,  behind which unperturbed s o l a r  plasma streams are located ("Luna-l", 
"Explorer-U", "~xplorer-18") .  -4ccording t o  d a t a  from t h e  i n t e g r a l  charged 
p a r t i c l e  t r aps ,  e l ec t ron  streams were recorded on both  s ides  of the  magne
tosphere boundary. However, t h e  energy spectrum of s o f t  e lec t rons  observed 
on d i f f e r e n t  s ides  of t he  boundary i s  apparently d i f f e ren t :  Electrons a re  
more energet ic  ins ide  of t he  magnetosphere than they are outs ide of it. 

2. The nocturnal  stream region ( "Luna-2", "Explorer-l2", "Zond-2") 
i s  not connected w i t h  t he  d iu rna l  region, judging from observat ional  data 
close t o  the  e c l i p t i c  plane. According t o  "Explorer-12" data,  on t h e  
morning s ide  t h e r e  i s  a zone of trapped e l ec t ron  streams of E, - 40 kev 
i n  the  space between the  d iu rna l  and nocturnal  regions; t h i s  zone i s  
apparent ly  an extension of t h e  outer  r ad ia t ion  zone ( R e f .  26). It i s  not 
absolu te ly  c l e a r  whether t he re  i s  such a space on t h e  evening s ide.  The 
trapped r ad ia t ion  region boundary i s  drawn symmetrically with respect  t o  
t h e  OX a x i s  i n  Figure 8,a. 

The r e s u l t s  derived f-om h igh- l a t i t ud ina l  measurements on "Mars-1'' 
and "Elektron-2" (Figure 7,'b) provide a b a s i s  f o r  assuming t h a t  t he  noc
t u r n a l  and d iu rna l  regions a re  connected together  by  t h e  h igh - l a t i t ud ina l  
regions, and thus  t h e  outermost zone of charged p a r t i c l e s  represents  a 
s ingle  formation of a very complex configuration. The separat ion of t h e  
s o f t  e l ec t ron  streams recorded on "Elektron-2" i n t o  two regions - nocturnai  
and morning regions - i s  apparently r e l a t ed  t o  seasonal changes i n  e lec t ron  
stream i n t e n s i t i e s  (see sec t ion  6).  

A s  of t h e  present  t i m e ,  t he re  has been no case i n  which a space vehicle ,  
carrying sensors f o r  e lec t rons  with energies on t h e  order  of hundreds of ev 
and severa l  kev and launched i n  any d i rec t ion ,  in te rsec ted  the outer  radia
t i o n  zone boundary and d id  not f i nd  s o f t  e lec t rons  beyond it. Since t h e  
outer  boundary of t h e  trapped radia,t ion zone i s  closed, it must be assumed 
t h a t  t h e  zone - where s o f t  e lec t ron  streams occur and which i s  located 
beyond t h i s  boundary - i s  a l s o  a s ingle  whole. However, t h i s  does not m e a n  
t h a t  t h e  plasma streams have i d e n t i c a l  physical  p roper t ies  and a s i m i l a r  
o r ig in  i n  t h e  d iu rna l  and nocturnal  regions. 
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Figure 7 
Dis t r ibu t ion  of Charged P a r t i c l e s  Observed on Different  Space Vehicles, /474
i n  t h e  Pro jec t ion  on t h e  E c l i p t i c  Plane {a) and on the  Meridional Plane 

('b) i n  a Solar-Eclipt  i c  Coordinate System 
The t r a j e c t o r y  sec t ions  on which streams were recorded a r e  indicated by 
t h e  s o l i d  l i n e s  and by the  shading. Only those t r a j e c t o r y  sect ions on 
which streams were recorded (based on d a t a  from the i n t e g r a l  t r a p )  are 
shown f o r  "Elektron-2". The approximate trapped r ad ia t ion  boundaries 
(dashed l i n e  and t h e  comb-like symbol) a r e  p lo t t ed  from (Ref. 20, 21, 23-26). 
The magnetosphere boundaries are p lo t t ed  from (Ref. 17, 27, 28). The assumed 
pos i t i on  of t h e  outermost zone of charged p a r t i c l e s  i s  shown by t h e  dots .  
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Figure 8 

Structv-re of the Magnetic Field i n  the  T a i l  Section of t h e  
Magnetosphere, According t o  Measurements on "~xplorer-18" (Ref .  40) 

1 - Shock wave f ront ;  2 - turbulent  region; 3 - magnetosphere bound
ary; 4 - so la r  wind; 5 - in te rp lane tary  magnetic f i e l d ;  6 - neu t ra l  
layer;  7 - 41s t  o r b i t  of "~xplorer-18";  8 - magnetic f i e l d  force  l i n e s  
based on da ta  from t h e o r e t i c a l  computations (dashed l i n e )  and based on 
experimental data ( so l id  l i nes ) .  The shading designates the  region 
occupied by t h e  rad ia t ion  zones of t h e  Earth. 

The region of soft e lec t ron  streams i s  located c loser  t o  the Earth on 
the  nocturnal side than it i s  on the  d iu rna l  s ide,  which c lose ly  coincides 
with the  pos i t ion  of t he  trapped rad ia t ion  boundary (Ref. 24, 25, 29). The 
stream regions on the  nocturnal side, which were discovered on "Luna-2" 
and 11Explorer-12", a r e  located symmetrically with respect t o  t h e  Earth-Sun 
l ine .  There i s  a ce r t a in  divergence between the  stream magnitudes given 
by data obtained on 'tLuna-211and "Explorer-12": 2-1O8cm-"*sec-1 - on /475
" L ~ n a - 2 ' ~( R e f .  I-), and lo8-10scm-2-sec-1 - on "Explorer-l;l" ( R e f .  lo), i n  
sp i t e  of t h e  f a c t  t ha t  t h e  t r a p  on "Luna-2" had a much la rger  scanning 
angle. No observations were performed i n  t h e  intermediate midnight region. 

A zone of thermolyzed plasma beyond the  magnetosphere boundary w a s  not 
observed e i t h e r  at  high l a t i t udes ,  since up t o  the  present no s a t e l l i t e s  o r  
space rockets have intersected the  magnetosphere boundary at high l a t i t udes .  
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5 .  	 Connection Between Spa t i a l  Dis t r ibu t ion  of Soft  Electron Streams 
and Magnetic F ie ld  S t ruc ture  

The connection between the  d iu rna l  and nocturnal  regions of t h e  s o f t  
e lec t ron  stream zone probably depends on t h e  s t ruc tu re  of t h e  Earth 's  mag
ne t i c  f i e l d  a t  grea t  d i s tances  from t h e  Earth, p a r t i c u l a r l y  on the  f i e l d  
s t ruc ture  above t h e  nocturnal s ide  of t h e  Earth and i n  t h e  magnetosphere 
t a i l .  I n  pa r t i cu la r ,  t h e  connection between these  regions may be e n t i r e l y  
d i f f e ren t ,  depending upon whether t h e  magnetosphere i s  open o r  closed i n  
the  a n t i s o l a r  d i rec t ion .  

Different authors maintain d i f f e ren t  po in ts  of view regarding the  
form of t he  magnetosphere on the  nocturnal s ide  .(Ref. 30-38). There a r e  
s t i l l  very few experimental data wj-th which t o  solve t h i s  important ques
t ion .  However, magnetic f i e l d  measurements on "Explorer-14" (Ref. 39) 
and on ' l~xplorer-18" ( R e f .  40) i n  1964 o f f e r  s t rong arguments i n  favor  of 
t he  open magnetosphere model. I n  January, 1964, "Explorer-14" w a s  located 
on the  nocturnal s ide  of t h e  Earth ( the  angle between the  Ea r th - sa t e l l i t e  
and Earth-Sun d i r ec t ions  was approximately 140-150°). A s  t h e  s a t e l l i t e  
receded from the  Earth, beginning a t  - 9-10 Re, t h e  f i e l d  l o s t  i t s  dipole  
nature, and remained constant i n  terms of d i r ec t ion  and magnitude 
( H  - 30-50 y) up t o  t h e  o r b i t  apogee (- 1-5Re).  I n  t h i s  region, t h e  f i e l d  
w a s  d i rec ted  toward the  Earth and toward the  Sun, i . e . ,  t he  f i e l d  be
havior w a s  l i k e  t h a t  required i n  an open model or at  l e a s t  i n  a magneto
sphere which i s  g rea t ly  extended i n  t h e  a n t i s o l a r  d i rec t ion .  It should be 
noted t h a t  t he  da ta  presented i n  (Ref. 39) a r e  s t i l l  provis ional .  However, 
they c lose ly  coincide with e a r l i e r  magnetic measurements on r'Explorer-lO1l 
(Ref .  41), and with recent magnetic measurement data on "~xplorer -18"  
(Ref. 40). The da ta  given i n  (Ref. 40), which g rea t ly  exceed those given 
i n  (Ref. 39, 41), confirm the  f a c t  t h a t  the  magnetic f i e l d  completely 
loses  i t s  dipole  nature 'beyond 8-10 Re on t h e  nocturnal  s ide;  t h e  force  
l i n e s  are extended, and a r e  almost p a r a l l e l  (Figure 8). 

The discovery of a magnetically neu t r a l  l ayer  on t h e  nocturnal s ide  
i s  a completely new f a c t o r  (Ref. 40). Repea,ted changes i n  t h e  magnetic 
f i e l d  d i r ec t ion  by 180"were observed approximately close t o  t h e  geomag
n e t i c  equator ia l  plane, and it w a s  c lose t o  zero i n  a narrow l aye r
(- 600 km). Measurements were performed up t o  - 31 &, and the  magnetic 
f i e l d  i n  t h e  magnetosphere t a i l  w a s  10-15 Y. 

Figure 9 shows the  current  system providing the  f i e l d  s t ruc ture  i n  
the  "tail" sect ion of t h e  magnetosphere, which i s  open i n  t h e  a n t i s o l a r  
d i rec t ion .  This w a s  taken from t h e  study (Ref. 3 2 ) .  I n  order t h a t  t he  
f i e l d  s t ruc tu re  observed i n  the  experiments of (Ref. 40) be val id ,  t he  
existence of a f a i r l y  dense plasma i n  the  magnetically neu t r a l  l ayer  must 
be assumed. Based on the  necess i ty  of s t a t i c  equi l l ibr ium i n  t h e  t r ans 
verse cross  sect ion of t he  magnetosphere nocturnal  sect ion and tak ing  i n t o  
account t h e  fea tures  of e lec t ron  streams recorded on d i f f e ren t  space 
vehicles,  t h e  study (Ref. 38) reaches the  conclusion t h a t  s o f t  e lec t ron  
streams, observed close t o  t h e  geomagnetic equator on "Luna-2" and /477 
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Figure 9 

Current System i n  t h e  T a i l  Section of t h e  Magnetosphere 
According t o  (Ref .  32) 

ttEkplorer-12", a r e  located i n  a magnetically n e u t r a l  layer .  It m u s t  be 
kept i n  mind t h a t  t h e  assumpkion i s  advanced i n  ( R e f .  38) t h a t  a l l  of 
the energy of t h e  e l ec t rons  observed goes i n t o  forming plasma pressure 
i n  a t ransverse  d i r ec t ion  t o  t h e  magnetic f ie ld .  The assumption of e l ec 
t ron  motion i n  a, d i r e c t i o n  p a r a l l e l  t o  t h e  magnetic f i e l d  would increase 
the  est imate  of r e q u i s i t e  e l ec t ron  fluxes given i n  (Ref .  38). It i s  
possible  t h a t  t h e  phenomenon of counterglow i s  related t o  t h e  occurrence 
of t h i s  layer  ( R e f .  38, 42, 43). 

If t h e  magnetosphere i s  open i n  t h e  a n t i s o l a r  d i rec t ion ,  then all 
of t h e  force l i n e s  from t h e  polar  regions,  passing around t h e  trapped 
rad ia t ion  zone on t h e  nocturnal  s ide,  represent  p a r a l l e l  bundles extending 
" to  i l l f in i ty"  i n  t h e  a n t i s o l a r  d i r ec t ion ,  between which the  magnetically 
lzeutral l aye r  i s  located.  The fo rce  l i nes ,  moving along t h e  surface 
of these  bundles and washed by t h e  so l a r  wind flowing around t h e  magneto
sphere, form two c i r c l e s  on the  surface of t h e  Earth (around t h e  nor thern  
and southern magnetic poles)  along the  h igh - l a t i t ud ina l  boundaries of t h e  
trapped r ad ia t ion  zones (na tura l ly ,  t h e  trapped r ad ia t ion  can only be 
located on closed force  l i n e s )  This c i r c l e  corresponds approximately 
t o  t h e  zones of m a x i m u m  aurorae p o l a r i s  recurrence.  The energet ic  e lec
t rons,  which are formed a t  t h e  magnetosphere boundary and a t  t h e  magneti-' 
c a l l y  n e u t r a l  l aye r  when t h e  s o l a r  wind i n t e r a c t s  with the  geomagnetic 
f i e l d ,  can penet ra te  t h e  depth of t h e  magnetosphere along these force  
l i n e s  up t o  t h e  aurorae p o l a r i s  zones. From t h i s  po in t  of view ( i n  accord
ance w i t h  t h e  considerat ions presented previously) ( R e f .  =), t h e  regions 
of soft e lec t ron  streams discovered on t h e  nocturnal  and d iu rna l  sides of 
t h e  Earth comprise a s ingle  formation with a complex configuration. They 
are a,pparently c lose ly  related t o  t h e  aurorae p o l a r i s  zones. 

If t h e  magnetosphere i s  closed, it i s  possible  f o r  t h e  thermolyzed 
s o l a r  plasma t o  pene t ra te  d i r e c t l y  i n t o  n e u t r a l  po in t  regions located OL, 
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Comparison of Cases in Which Soft Electron Streams Were Recorded, Based on Data from "Explorer-2'' 
.

(Integral Trap) With Kp-Indices and Orientation of the Geomagnetic Dipole Axis ( c p )  

a - %-Indices; b - geocentric distances at which streams were recorded during the nocturnal orbital 
sections; c - the same as b, but on morning orbital sections; d - orientation of the dipole axis (9 ) ;  
XZ - meridional plane of the solar ecliptic coordinate system; SN - projection of the geomagnetic 
dipole axis on this plane; e - time intervals corresponding to reception of information. 



t he  magnetosphere boundary above t h e  d iu rna l  s ide  of t h e  Earth (see, f o r  
example, [Ref. 44-46]). Their pos i t ion  na tu ra l ly  depends on the  nature 
of t h e  in t e rac t ion  of s o l a r  plasma streams with the  geomagnetic f i e l d ,  a5 
wel l  as on t h e  in te rp lane tary  f i e l d  s t ruc ture .  

The study (Ref. 46) examines t h e  p o s s i b i l i t y  of plasma penetrat ion 
t o  t h e  neu t r a l  po in ts  ,with t h e  penetrat ing charged p a r t i c l e s  subsequently 
d r i f t i n g  across  the  magnetic f i e l d  force  l i n e s  and passing through t h e  
nocturnal por t ion  of t h e  magnetosphere. 

The opinions pdstulated i n  (Ref. 46) a r e  corroborate; by t h e  measure
ment r e su l t s ,  presented i n  sect ion 6, from t h e  s a t e l l i t e  Elektron-2", 
which in te rsec ted  t h e  magnetic f i e l d  force  l i n e s  c lose t o  t h e  southern. 
neu t r a l  point  during t h e  i n i t i a l  por t ion of i t s  f l i g h t  i n  t h e  morning sec- ' 

t i o n s  of t h e  o r b i t .  

Other explanations may be assumed f o r  t h e  o r ig in  of t h e  soft e lec t ron  
stream zone on t h e  nocturnal  s ide of t h e  Earth - for example, t he  magneto
sphere model (Ref. 31, 33, 37) i n  which low-energy p a r t i c l e s  perform 
complex, convective motions i n  t h e  outer  magnetosphere region. However, 
t h e  magnetic f i e l d  s t ruc tu re  on the  nocturnal side,which i s  postulated i n  
these  s tud ies  , does not coincide with d i r e c t  observational data. 

Allowance must probably be made f o r  s o f t  e lec t ron  streams resu l t i ng  
from ce r t a in  l o c a l  mechanisms by which charged p a r t i c l e s  a re  accelerated 
i n  t h e  per iphera l  regions of t h e  Earth 's  ionosphere; these are usua l ly  
invest igated i n  connection with t h e  o r ig in  of t h e  outer  rad ia t ion  zone 
(Ref. 47, 48). 

6. Time Variations (Based on "Elektron-2" Data) /478 
Observations of s o f t  e lec t ron  streams by means of t he  three-electrode 

i n t e g r a l  t r a p  of charged p a r t i c l e s  on t h e  s a t e l l i t e  "Elektron-2" make it 
possible  t o  reach a t e n t a t i v e  conclusion regarding a re la t ionship  between 
t h e  i n t e n s i t y  of t h e  s o f t  e lec t ron  streams observed, t h e  o r i en ta t ion  of 
t h e  Ear th ' s  magnetic dipole  axis with respect t o  t h e  d i r ec t ion  toward t h e  
Sun, and geomagnetic a c t i v i t y .  

Figure 10 presents  time changes of t h e  - indices  during t h e  i n i t i a l  
s tage of t h e  s a t e l l i t e ' s  f l i g h t  (which, accor2ing  t o  [Ref. 491 and 
[Ref. 111, coincide with t h e  ve loc i ty  and i n t e n s i t y  of so l a r  plasma streams). 
This f igu re  a l s o  gives the  geocentric d i s tances  a t  which soft e lec t ron  
streams were recorded on t h e  nocturnal  (b) and morning ( c )  sect ions of t h e  
"Elektron-2" o rb i t ,  as w e l l  as t h e  angle cp close t o  t h e  geomagnetic l a t i 
tude of t h e  sub-solar point  of t h e  magnetosphere'. 

' 	The cp values are computed f o r  t h e  times when t h e  s a t e l l i t e  w a s  located 
at geocentric d i s tances  corresponding t o  t h e  hor izonta l  l i n e  i n  Figure 
10, c ( R  - 5.7 R, - i s  approximately t h e  mean sec t ion  of t he  morning 
region i n  which soft e lec t ron  streams were recorded during the  i n i t i a l  
po r t ion  of t h e  s a t e l l i t e ' s  f l i g h t ) .  
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When examining t h i s  f igure,  one must keep t h e  f a c t  i n  mind t h a t  we do not 
have continuous data on the  magnitudes of t h e  t r a p  co l l ec to r  currents ;  
t h e  time i n t e r v a l s  corresponding t o  t h e  recept ion of information are shown 
(Figure 10, e) by t h e  heavy sect ions of t h e  l i ne .  We should a l s o  r e c a l l  
t h a t ,  i n  addi t ion  t o  e lec t ron  streams, pos i t i ve  ions cam penetrate  t h e  
t rap ,  due t o  which f a c t  t h e  negative co l l ec to r  cur ren ts  recorded permit a 
determination of only t h e  lower boundaries of t h e  e lec t ron  stream magni
tudes. 

It can be seen from t h e  data presented above t h a t  so f t  e lec t ron  
streams were recorded on t h e  morning sec t ions  of t h e  s a t e l l i t e ' s  o r b i t  
pr imari ly  when t h e  soutkern magnetic pole had a mzximum inc l ina t ion  toward 
t h e  Sun, i .e. ,  when t h e  conditions were most favorable f o r  penetrat ion of 
t h e  thermolyzed s o l a r  plasma through t h e  southern n e u t r a l  point  ( i f  such 
a penetrat ion takes  place) .  

The same pe r iod ic i ty  i n  t h e  occurrence of t h e  streams i s  observed on 
t h e  nocturnal s ide,  bu t  with a change i n  time. The pe r iod ic i ty  i n  t h e  
stream recordings w a s  even more apparent on t h e  nocturnal s ide  than it w a s  
on t h e  morning s ide,  where t h e  number of recordings and t h e  stream in t ens i 
t i e s  were smaller than on t h e  nocturnal s ide.  Days with increased geomag
n e t i c  per turbat ion represent  i so l a t ed  exceptions t o  t h i s .  

It should be emphasized t h a t  t he  da t a  given above a re  only t en ta t ive ,  
p a r t i c u l a r l y  because they are based on very f e w  observational s t a t i s t i c s .  
A concurrent ana lys i s  of a l l  r e s u l t s  derived from observing s o f t  e lec t ron  
streams must be ca r r i ed  out i n  t h e  future ( including observations car r ied  
out simultaneously by means of an e l e c t r o s t a t i c  analyzer [Ref. 191). 

We would l i k e  t o  point  out t h a t  t h e  da t a  given above, showing a con
nect ion between soft e lec t ron  stream recordings on the  s a t e l l i t e  "Elektron-2" 
and t h e  or ien ta t ion  of the  geomagnetic dipole  axis, a re  of great  importance 
- p a r t i c u l a r l y  i n  explaining t h e  nature of s o l a r  plasma penetrat ion i n t o  the  
E w t h ' s  magnetosphere and occupying t h e  geomagnetic t r ap .  I n  t h i s  connec
t ion ,  we would l i k e  t o  note t h a t ,  for example, t h e  study (Ref. 50) has 
already indicated a possible  connection between c e r t a i n  d a i l y  and seasonal 
va r i a t ions  of geomagnetic a c t i v i t y  and t h e  change i n  t h e  or ien ta t ion  of t h e  
geomagnetic dipole  axis with respect  t o  t h e  d i r ec t ion  toward the  Sun. 

7. 	 Brief Comments on the  Origin o f  Soft  Electrons Beyond /4a0 
t he  Radiation Zone Boundaries 

The d iu rna l  region of the  charged p a r t i c l e  zone i s  separated from the  
unperturbed s o l a r  wind by the  shock wave f r o n t  formed when the  supersonic 
stream of solar  plasma ( s o l a r  wind) encounters t he  geoma,gnetic f i e l d .  
Electrons i n  t h i s  zone have energies on the  order of hundreds of ev and kev 
(up t o  10-40 kev), while t h e  s o l a r  wind e lec t rons  have energies on t h e  
order of 10 ev. The energy of t he  so l a r  wind protons, which have energies 
on t h e  order of hundreds of ev and kev, i s  apparently t r ans fe r r ed  t o  t h e  
e lec t rons  close t o  t h e  magnetosphere boundary. This assumption w a s  already 
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advanced i n  1.962regarding t h e  outermost zone (Ref. 2).  The mechanism 
of e lec t ron  acce lera t ion  when plasma c l u s t e r s  move i n  a heterogeneous 
magnetic f i e l d  w a s  postulated as one 02 t he  possible  mechanisms f o r  t h e  
acce lera t ion  of s o l a r  wind e lec t rons  (Ref. 3). 

One of t h e  other  poss ib le  mechanisms f o r  e lec t ron  adcelerat ion i s  
r e l a t e d  t o  t h e  f a c t  t h a t  s o l a r  wind protons, having an energy which i s  
t h r e e  orders  of magnitude g rea t e r  than t h a t  of e lectrons,  can corres
pondingly pene t ra te  deeper i n t o  t h e  geomagnetic f i e l d .  S p a t i a l  
separat ion of t h e  charges producing t h e  e l e c t r i c  f i e l d  must take place,  
which, i n  i t s  turn,  "pul ls"  t h e  e lec t rons  toward t h e  protons with t h e i r  
corresponding acce lera t ion  (Ref. 4) . 

We must keep the  f a c t  i n  mind t h a t  "~kplorer -18"recorded e lec t rons  
with an energy of - 30 kev i n  a narrow layer, apparently on t h e  shock wave 
f r o n t  ( threshold value of t h e  cogntegs employed) (Ref: 18). Their 
i n t e n s i t y  w a s  determined as - 10 cm 0sec-l. There i s  apparently an ade
quately e f f e c t i v e  mechanism f o r  e l ec t ron  acce lera t ion  on the  shock wave 
. f ron t .  It i s  interes- t i i ig  t o  note t h a t ,  as t h e  s a t e l l i t e  o r b i t  recedes 
from t h e  sub-solar point ,  t he  region i n  which energet ic  e lec t rons  a r e  
formed - which i s  concentrated a t  s m a l l  angles of Xes i n  a narrow layer  
c lose t o  the  outer  boundary of t h e  t r a n s i t i o n a l  zone - expands consider
ably. It i s  relevant  t o  assume t h a t  low-energy e lec t rons  a r e  formed 
during the  acce lera t ion  process. 

Certain poss ib le  mechanisms f o r  e lec t ron  acce lera t ion  i n  t h e  transi
t i o n a l  zone a r e  examined i n  (Ref. 5, 51) .  

The o r i g i n  of streams on t h e  nocturnal  s ide  i s  more complex. I n  
p a r t i c u l a r ,  t h i s  i s  due t o  t h e  f a c t  t h a t ,  as measurements have shown, 
t h e  outer  boundary of t h e  trapped rad ia t ion  zone i s  located i n  the  
depths of t he  magnetosphere i n  t h i s  case, and i s  not d i r e c t l y  contiguous 
t o  s o l a r  plasma streams. A s  has a l ready been indicated e a r l i e r ,  it i s  
possible  t h a t  t h e  occurrence of these  streams on the  nocturnal  s ide  i s  
r e l a t e d  t o  t h e  plasma penet ra t ion  through the  magnetic f i e l d  neu t r a l  points. 
(Ref. 46). P a r t i c l e  acce lera t ion  i n  the  magnetically n e u t r a l  layer ,  due 
t o  i n s t a b i l i t i e s  i n  t h i s  l aye r  which l i e s  between f l a t ,  a n t i - p a r a l l e l  
magnetic f i e l d s ,  can a l s o  b e  of importance f o r  an open magnetosphere or f o r  
a g r e a t l y  extended magnetosphere (Ref 52-54). 

In  conclusion we would l i k e  t o  note t h a t  t h e  da t a  presented above 
poin t  t o  t h e  grea t  geophysical importance of t h e  outermost charged p a r t i 
c l e  zone. The c lose  connectionbetween t h i s  zone and t h e  s t ruc tu re  of t h e  
geomagnetic f i e l d  pe r iphe ra l  regions and i t s  o r i en ta t ion  with respect  t o  
the  d i r ec t ion  of s o l a r  plasma streams and t h e  in te rp lane tary  magnetic f i e l d ,  
as wel l  as the  connection between t h e  zones of maximum aurorae p o l a r i s  
recurrence (at l e a s t  s p a t i a l l y )  and s o l a r  and geomagnetic a c t i v i t y ,  
c o r r o b o r a t e  t h e  assumption t h a t  a study of t he  outermost charged p a r t i c l e  
zone can prcvide a key with which t o  understand many important problems 
which have not been solved as ye t .  For example, t hese  problems include 
t h e  nature  of t h e  s o l a r  plasma penet ra t ion  i n t o  t h e  Ear th ' s  magnetosphere 
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and t h e  occupation of t he  geomagnetic t r ap .  

However, w e  must keep t h e  f a c t  i n  mind t h a t  fluxes of s o f t  e lec t rons  
and protons have s t i l l  not been measured su f f i c i en t ly ,  and t h e i r  energy 
spectrum i s  far from c lear .  Therefore, one of t h e  important problems /481
of future space research i s  a ca re fu l  study of s o f t  charged p a r t i c l e  
streams i n  t h e  outermost zone, p a r t i c u l a r l y  a t  high l a t i t u d e s  where t h e  
d iu rna l  and nocturnal  sect ions of t h i s  zone a r e  combined, c lose t o  t h e  
magnetic f i e l d  n e u t r a l  po in ts  on t h e  d i u r n a l  s ide,  and i n  t h e  magnetically 
neutral layer  of t h e  zone's nocturnal  section. These measurements must be 
ca r r i ed  out simultaneously with measurements on t h e  same space vehicles  
of t h e  magnitude and d i r ec t ion  of t h e  Ear th ' s  m?.gnetic f i e l d ,  and streams 
of energet ic  p a r t i c l e s .  These must then be compared with da ta  on solar 
and geomagnetic a c t i v i t y .  
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Note.- After t h e  conference iiaa ended, t h e  authors of t h i s  report  
learned of a new publ icat ion per ta in ing  t o  observations of e lec t ron  
streams with energies of 10 kev beyond the  trapped rad ia t ion  zone bound
a ry  a,t low a l t i t u d e s  (up t o  2700 km),  performed on the  American s a t e l l i t e  
tt Injun-3'$ (I. A. W i t z ,  D. A. Gurnett J. Geophys. Res., 70, 2485, June 
1, 1965). A s  the  authors have shown, these  r e s u l t s  c lose ly  coincide w i t h  
observational r e s u l t s  obtained at high a l t i t u d e s  on t h e  Soviet space 
vehicles  "Luna-2" (Ref. 1, 6) and ' I M a r s - l t l  (Ref. l5), as wel l  as with the  
r e s u l t s  obtained on "Ekplorer-l2" (Ref. 14) .  As  w a s  assumed, these s o f t  
e lec t rons  penetrate  +.he aurorae po la r i s  zone. 
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The study of cosmic r ays  occupies an except ional ly  important place /484 
i n  modern physics and astronomy. One may r e c a l l  t h a t  i s  w a s  p rec ise ly  
during the  study of cosmic rays t h a t  major discoveries  were made and, f o r  
example, such p a r t i c l e s  were f i r s t  detected as the  posi t ron,  p- and n
mesons, and seve ra l  hyperons. Thus, a l l  of high-energy and elementary-
p a r t i c l e  physics i s  indissolubly connected with cosmic rays.  The same 
may be said of radioastronomy and gamma-astronomy and, properly, of a s t ro 
physics as a whole, f o r  it i s  now a matter  of general  knowledge t h a t  
cosmic rays, along with the  stars and i n t e r s t e l l a r  gas, comprise t h e  most 
important cons t i tuent  elements of t he  universe. 

The development of powerful acce le ra tors  has somewhat reduced t h e  
amount of cosmic r ay  research in to  t h e  physics of elementary pa r t i c l e s ,  
i n  t h e  energy range t o  30 Bev, s ince la rge  energies have not yet  been 
achieved i n  acce lera tors .  A t  t he  same time, t h e r e  a re  p a r t i c l e s  i n  cos
mic rays of energies reaching ldO-lO1lBev. There i s  no doubt but t h a t  
p a r t i c l e s  of  s i m i l a r  and even s ign i f i can t ly  smaller energy, E < , lo3  Bev, 
w i l l  be s tudied f o r  an inde f in i t e  period only i n  cosmic rays.  Moreover, 
t h e  r e l a t i v e  reduction of  t he  "nuclear physics'' r o l e  i n  t h e  study of 
cosmic rays i s  subs t an t i a l ly  counterbalanced by t h e  tremendous growth i n  
volume and importance of research on cosmic ray astrophysics.  

I n  the  f i e l d  of cosmic ray  research, both i n  i t s  nuclear physical  
and as t rophys ica l  aspects,  t he  fu tu re  ca tegor ica l ly  belongs t o  s a t e l l i t e s  
and space rockets .  Primary cosmic rays may penet ra te  only through an a i r  
layer  of t ens  of  grams o r  even a f e w  grams without energy loss and 
"envelopment" by secondary products impeding observations.  Therefore, 
equipment must, as a ru le ,  be l i f t e d  t o  an a l t i t u d e  of more than t ens  of 
kilometers. This problem may be p a r t i a l l y  solved by balloons,  t he  use of 
which undeniably has played,and s t i l l  i s  playing, an e s s e n t i a l  ro l e .  But 
it i s  just as undeniable t h a t  balloons a re  now no longer able,  and from 
now on w i l l  .be even l e s s  able,  t o  compete with s a t e l l i t e s  and space 
rockets  with respect  t o  prolonged and continuous recording of d i f f e ren t  
phenomena, complexity and weight of l o f t ed  equipment, m a x i m u m  reduction 
of t he  shielding layer  over t h e  apparatus, and so on. More de t a i l ed  sub
s t a n t i a t i o n  w i l l  be provided f o r  t h i s  i n  t h e  a r t i c l e s  i n  the  present 
section. These a r t i c l e s ,  moreover, present c e r t a i n  r e s u l t s  of cosmic r ay  
study which have already been obtained by s a t e l l i t e s .  

It i s  possible  t h a t  i n  t h e  fu ture  t h e  sca le  of cosmic r ay  invest iga
t ion by s a t e l l i t e s  and rockets w i l l  grow l a rge r  and la rger .  It is,  there
fore,  an urgent necessi ty  t o  make a thorough ana lys i s  of t h e  poten t ia l i t i es ,  
problems, and r e s u l t s  of t h e  corresponding inves t iga t ions .  The mater ia l  
ca l led  t o  our readers '  a t t e n t i o n  w i l l  assist i n  achieving this goal. 



PROBUNS OF AND PROSPECTS FOR THE STUDY OF HIGH AND 
UITRAHIGII-ENERGY COSMIC RAY PARTICLES 

(Summary) 

N. L. Grigorov, I. D - Rapoport, 
I. A. Savenko, and G. A. Skuridin 

High- and ultrahigh-energy cosmic r ay  p a r t i c  l~.-.sare of grea t  i n t e r - /485., 
est  t o  two f i e l d s  of science - t h e  physics of high energy p a r t i c l e s  and 
astrophysics .  

Primary cosmic rays are known t o  have a broad energy d i s t r ibu t ion ,  
which can b y  described i n  t h e  f i r s t  approximation by t h e  exponential  l a w  
N(E)dE - E-vdE, where Y = 2 4  when leo5 E 5 1015 ev, and Y M 3 when 
E 2 lC115e% A t  t h e  present  time, t h i s  spectrum has been t raced  t o  ener
g i e s  E = 101'ev, i .e . ,  t h e  cojnlpil;"i.:,'lon of cosmic rays  contains p a r t i c l e s  
w i t h  energies  many orders  of magnitude higher than  those obtainable i n  
t h e  most powerful acce le ra tors .  

Notwithstanding t h e  f a c t  t h a t  cosmic ray  p a r t i c l e s  have long been 
u t i l i z e d  t o  study i n t e r a c t i o n  processes a t  high and u l t r ah igh  energies,  
it has been impossible i n  most cases up t o  t h e  present  t o  obtain s u f f i c i e n t l y
p rec i se  quan t i t a t ive  resul ts  by means of cosmic rays.  The d i f f i c u l t i e s  i n  
der iv ing  accurate  experimental quan t i t a t ive  resul ts  have been assoc ia ted  u n t i l  
r ecen t ly  with t h e  s m a l l  streams of high-energy cosmic ray  p a r t i c l e s  on 
mountain tops and a t  sea l e v e l  (where most of t h e  research has mainly 
been conducted). This has prevented measurements with t h e  necessary 
s t a t i s t i c a l  accuracy. There w a s ,  moreover, no method of measuring t h e  
energy of an ind iv idua l  cosmic r ay  p a r t i c l e  ( i n  the 10l l -ev  energy 
region and above), and, because of t he  power-law nature  of t he  spectrum 
and f luc tua t ions  i n  t h e  phenomena under study, t h e  measurement r e s u l t s  
d i d  not y i e ld  t o  a s ing le  in t e rp re t a t ion .  

It w a s  f o r  these  reasons t h a t  up till now such t h e o r e t i c a l l y  impor
t a n t  matters have remained p r a c t i c a l l y  unresolved, as t h e  behavior of an 
e f f e c t i v e  c ross  sec t ion  of proton in t e rac t ion  with protons, protons with 
complex nuclei ,  and nuc le i  with nuc le i  i n  t h e  1011-1013-ev energy region; 
t h e  dependence of t h e  mean m u l t i p l i c i t y  of secondary p a r t i c l e s  produced-
n on energy EO of t h e  primary p a r t i c l e ,  on mass of t h e  primary p a r t i c l e ,  
and 'on,mass of t h e  t a r g e t  nucleus; t he  dependence of the degree of 
i n e l a s t i c  i n t e rac t ion  on energy of t h e  primary p a r t i c l e ,  i t s  m a s s ,  and 
mass of t h e  t a r g e t  nucleus; and t h e  l a w s  of f l uc tua t ion  governing t h e  
var ious in t e rac t ion  c h a r a c t e r i s t i c s .  

Both theory and experiment ind ica te  a very loose dependence of these  
in t e rac t ion  c h a r a c t e r i s t i c s  on primary p a r t i c l e  energy Eo. Therefore, i n  
order  t o  choose between e x i s t i n g  hypotheses on t h e  basis of experimental 
data ,  experiments must be performed within an accuracy of severa l  percents,  
and an energy range of 2-3 orders  of magnitude must be covered. 
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I n  t h e  a rea  of as t rophys ica l  cosmic r ay  problems, t h e r e  have been 
no solut ions as ye t  t o  such bas i c  questions as t h e  mechanism of p a r t i c l e  
acce lera t ion  t o  huge energies, the '  processes responsible f o r  cosmic r ay  
generation, and processes involving t h e  propagation of high- and 
ultrahigh-energy p a r t i c l e s  i n  the  Galaxy. Hopes f o r  t h e  solut ion of 
these problems a r e  pr imari ly  r e l a t ed  t o  accurate  measurement of t h e  
energy s ectrum and chemical composition of t h e  primary rays i n  t h e  
1012-101Eev energy range and above. They are a l s o  r e l a t ed  t o  a study of 
the  energy spectrum and charge composition of t h e  rimary cosmic ray  
e lec t ron  component i n  the  energy region t o  ldo-10If:ev, and t o  t h e  study 
of high-energy Y-quanta (measurement of Y-quanta in tens i ty ,  study of /486 
t h e i r  energy d is t r fbut ion ,  study of t h e  d i s t r i b u t i o n  of y- quanta sources 
over t h e  c e l e s t i a l  sphere, and t h e  search for l o c a l  y-quanta sources) .  

Most of t h e  problems which have not ye t  been solved, both i n  the  
f i e l d  of nuclear in te rac t ions  of very high-energy p a r t i c l e s  and i n  t h e  
astrophysics of high- and ultrahigh-energy cosmic rays,  require  t h a t  
t h e  energy of each cosmic r ay  p a r t i c l e  be measured before they can 
be solved. 

The invention of t he  ionizat ion calorimeter (Ref. 1) put i n t o  experi
menters' hands an instrument which solves t h e  problem of measuring the  
energy of an individual  p a r t i c l e  . This instrument, based on measurement 
of t he  complete energy re lease  of t h e  primary p a r t i c l e  as it i s  being 
absorbed i n  a th i ck  block of matter, enables us  t o  solve most of t he  
Sbove problems ( the  methods of solving them a r e  s e t  f o r t h  i n  d e t a i l  i n  
[Ref. 21). 

Because f luxes of primary high-energy cosmic ray  p a r t i c l e s  a re  th ree  
t o  four  orders  of magnitude grea te r  than a f l u x  of p a r t i c l e s  having the  
same energy on mountain tops,  an ion iza t ion  calorimeter on an ABS can be 
used t o  study the  diverse  processes of high- and ultrahigh-energy p a r t i 
c l e  i n t e rac t ion  w i t h  nuc le i  with great s t a t i s t i c a l  accuracy. I n  
pa r t i cu la r ,  an ionizat ion calorimeter one square meter i n  a rea  can mea
sure the  e f fec t ive  cross sect ions of i n e l a s t i c  i n t e rac t ions  OP d i f f e ren t  
types of p a r t i c l e s  (protons, a -par t ic les ,  heavy nuclei)  with nuclei  of 
d i f f e r e n t  atomic weights with a s t a t i s t i c a l  accuracy of - 0.5-5$ i n  t h e  
1011-1013-ev energy range, can study with great  precis ion the  dependence 
of E on E O ,  and can inves t iga te  the  energy cha rac t e r i s t i c s  of  nucleon 
in t e rac t ion  with nucleons and complex nuc le i  i n  the  energy range t o  101*ev 
(Ref. 2) 

U t i l i za t ion  of t he  ionizat ion calorimeter i n  conjunction with various 
recording instruments (nuclear photoemulsions, s c i n t i l l a t i o n  chambers, 
Cherenkov gas counters) makes possible  t h e  de t a i l ed  study of t h e  elemen
t a r y  in te rac t ion  processes of p a r t i c l e s  with energies of 1012-1013ev, t he  
invest ig3t ion of t h e  cosmic ray e lec t ron  component up t o  high energies,  
and an extensive se,arch f o r  l o c a l  high-energy sources of y-quanta i n  the  
universe (Ref. 2) .  A la rge  ionizat ion calorimeter t e n  square meters i n  
area,when ca r r i ed  beyond the  boundary of t h e  atmosphere, can be used t o  
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examine t h e  composition and energy spectrum of primary cosmic rays d i r e c t l y  
i n  the  region of enormous energies  up t o  1016ev. 
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PROBLFSIS OF AND PROSPECTS FOR PRlMARY COSMIC RAY RESEARCH 

V. L. Ginzburg, L. V. Kurnosova, L. A. Fkzorenov, 
S.  I. Syrovatskiy, M. I. Fradkin 

The purpose of t h i s  report  i s  t o  discuss  problems involving research 
i n t o  primary cosmic rays,  including Y-radiation. We can only present  the  
appropriate ma te r i a l  i n  a r e l a t i v e l y  br ie f  form. (Ref. 1-4) present  a 
more de t a i l ed  discussion of a l l  t h e  problems touched. There i s  a cor re la 
t i o n  'between the  study of various components of cosmic rays,  bu t  f o r  /487 
purposes of convenience t h i s  repor t  i s  divided i n t o  th ree  sect ions.  In 
Section I, we w i l l  d e a l  with t h e  proton-nuclear component; i n  Section I1 
with t h e  electron-posi t ron component of cosmic rays , and, f i na l ly ,  i n  
Section I11with cosmic Y-rays and X-rays. 

I. Nuclei and Protons 

Since t h e  proton-nuclear component of primary cosmic rays i s  bas i c  i n  
terms of i n t ens i ty  and t ransferab le  energy, it has been most f u l l y  inves t i 
gated. There is ,  however, another e n t i r e  group of questions which have not 
bekn c l a r i f i e d  up u n t i l  now; the  solut ion of these  problems i s  important, 
'both with regard t o  the  o r ig in  of cosmic rays and t o  t h e  study of conditions 
i n  i n t e r s t e l l a r  and circumsolar space. Let us  examine these  problems i n  
somewhat grea te r  d e t a i l .  

1.1. Energy Spectrum of Protons and Nuclei 
i n  Energy Range Below 100 Mev/Nucleon 

(Ref. 5-6) have pointed out t h e  exis tence of a s ign i f i can t  f l u x  of 
low-energy protons where t h e  f l u x  increased as the  energy decreased. 
Measurements were made on quie t  d a m of so l a r  a c t i v i t y ) ,  and the  
conclusion w a s  therefore  drawn that t h e  low-energy protons discovered a r e  
of a s o l a r  or ig in ,  accumulated and re ta ined  i n  t h e  v i c i n i t y  of t h e  Sun. 
The measurements in  ( R e f .  7 ) J  however, which were made during the  same 
period by t h e  s a t e l l i t e  "E~plorer-7",  gave no indicat ions of t h i s  type of 
p a r t i c l e  at grea t  a l t i t u d e s  (Figure 1). 
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Figure 1 

Lat i tud ina l  Effect  of Cosmic Rays From Measurements by 
Sate llite "Exp l o r e r  -7" i n  November , 1959-December , 1960 

Ordinate axis - r a t e  of recording; absc issa  ax i s  - invar i 
a n t  L ( i n  Earth r a d i i )  and corresponding l a t i t u d e  
A = a r c  cos 1;1and 2 - measurements over southern and 

JL 
northern hemispheres, respect ively.  

Previously published works (Ref. 8-12) repor t  t h e  absence of sof t  
protons and, from an ana lys i s  of t he  method used i n  (Ref. 5 and 6) f o r  /488
introducing correct ions f o r  t he  secondary p a r t i c l e  contr ibut ion,  conclude 
t h a t  these  measurements i n  (Ref. 5 and 6) agree with t h e  statement t h a t  -
t he re  are no low-energy protons. It can be  seenfrom t h i s  example t h a t  
t he  r o l e  the  atmosphere plays i n  the  study of p a r t i c l e s  of comparatively 
low energies i s  very great :  The conclusion v a r i e s  e s s e n t i a l l y  depenaing 
upon the  manner i n  which t h e  correct ion Is introduced. I n  t h i s  respect,  
t he  most decis ive r e s u l t s  a r e  those given i n  (Ref. l2), obtained by the  
far-removed s a t e l l i t e  "Explorer -18 ( IfIMP-1") 

Protons were measured i n  the  15-75 Mev energy range. Their f l u x  w a s  
19 proton m-2.sec-1.sterad- (approximately 1% of the  e n t i r e  cosmic ray
f l u x ) ,  while t h e  energy spectrum i n  t h i s  energy range had the  form 
N(E) - E ~ ' ", :.e., t he  proton f lux  diminishes as the  energy decreases.  
The. s p e c t r a l  form of t h e  more complex nuc le i  i s  s t i l l  a completely open 
question. Here the re  a re  only i so l a t ed  measurements of the  a -pa r t i c l e  
f lux  (Ref. 10, 11) and measurements having low s t a t i s t i c a l  accuracy (of 
20 nucle i  i n  a l l )  of nuc le i  i n  t he  L, M, and H groups (Ref. 13). 



1.2. 	 Ratio Between Fluxes of Various Nuclear 
Groups i n  t h e  Low-Energy Region 

The above-mentioned paper (Ref. 13) found t h a t  t he  r a t i o s  of t he  
f luxes  of d i f f e r e n t  nuclear groups (L, M, H) i n  t h e  55-550 Mev/nucleon 
range a re  c lose to t h e  measurements made .by other  authors i n  the  
E < 500 Mev/nucleon ,range. It i s  not extraneous t o  mention here t h a t  
da ta  i n  t h e  l i t e r a t u r e  ind ica te  an energy dependence of these r a t i o s  
(pa r t i cu la r ly  of t h e  L/M r a t i o ) .  Although, as i s  evident from Table I, 
t h i s  re la t ionship  i s  not c l e a r l y  pronounced (within t h e  e r ro r  l i m i t s ,  
t h e  L/S r a t i o s  may be regarded as ident ica l ;  S represents  a l l  nuclei  
with Z 3 6), i t s  nature i s  very importmt f o r  determining the  applica
b i l i t y  of any p a r t i c u l a r  theory on cosmic ray  or ig in  (see (Ref. 221 f o r  
grea te r  d e t a i l s ) .  From t h e  experimental standpoint, t h i s  matter has 
not been c l a r i f i e d ,  and fu r the r  experiments are required. 

TABLE 1 

0 . 1 8 ~ .04 
0.20K). 04 

0.27ko.07 
0.32.to.06 

0.31~1.10 


0.28-10.08 


0 . 3 8 ~.05 
0.30m.04 
0.28333.08 

0.41K).08 

Author and Source 


O'Dell e t  al.  (Ref. 14 )  

Foster e t  a i .  (Ref. 15) 


Badhwar (Ref. 16) 

Koshiba e t  a l .  (Ref. 1.7) 

McDonald e t  a l .  


(Ref. 18) 
Fich te l  (Ref. 19) 
Foster e t  a l .  (Ref. 15) 
Ginzburg e t  a l .  

(Ref. 1) 
Balasubrahmanyan e t  a l .  

(Ref. 20) 

Koshiba e t  al. (Ref. 17) 
kyzu e t  a l .  (Ref. 21) 
Balasubra,hmanyan e t  al .  

(Ref. 20) 
Badhwar (Ref. 16) 

> 0.4 
< 1  
> 0.5 

> 0.8 

To eliminate t h e  e f f e c t  of the  Earth 's  atmosphere a,nd magnetic /489
f i e l d ,  t h e  measurements per ta ining to subsections 1.1 and 1.2 should be 
performed by d i s t a n t  Earth s a t e l l i t e s  or in te rp lane tary  s t a t ions  receding 
far from t h e  l i m i t s  of t h e  Earth 's  magnetosphere. The measurement method 
may e s t ab l i sh  energy losses  dE/dx and t o t a l  energy E; t he  f e a s i b i l i t y  of 



these  measurements i s  determined by t h e  f a c t  t h a t  nuclear ranges i n  the  
150-300 Mev/nucleon range a r e  not t oo  s m a l l  (6 gecm -2 f o r  C with 
E - 1.50 Mev/nucleon) and at  t h e  same time within the  measuring element 
l i m i t s  (40 g-cm -2 f o r  L i  with E - 300 Mev/nucleon). 

1.3 Isotope Composition of Primary Cosmic Rays 

In  i t s  s ignif icance f o r  t h e  theory of-cosmic r ay  or ig in ,  t h e  question
l Iof t h e i r  i so topic  composition i s  s i m i l a r  t o  t h e  familiar l i thium, beryl

lium, and boron problem" which has been s a t i s f a c t o r i l y  solved i n  the  last  
few years.  The important f a c t o r  i s  t h a t  t h e  d i s t r i b u t i o n  of one ( s t ab le )  
isotope i n  nature d i f f e r s ,  by a f a c t o r  of thousands and even of mil l ions,  
from t h a t  of another isotope of t he  same element. We s h a l l  i l l u s t r a t e  
t h i s  with da ta  on severa l  elements: 

Isotope . . . . . . . . . . HI H" He3 He4 C1" C l 3  

Natural d i s t r ibu t ion ,  % 99.99 0.01 1.3-10-" 99.9999 98-9 1-1 

Thus, t he  nuc le i  of He2, He, f o r  example, a r e  j u s t  as r a r e  i n  nature 
as those of Li,  Be, B. Therefore, i n  t h e  primary accelerat ion of p a r t i c l e s  
t o  t he  energies of  cosmic rqfs, it i s  expected t h a t  only those isotopes 
w i l l  appear which have t h e  g rea t e s t  d i s t r rbu t ion .  Since cosmic ray  p a r t i 
c l e s  pass through an appreciable quant i ty  of matter (from t h e  number of 
Li, Be, and B nuclei  discovered it follows t h a t  t he  path covered by the  
cosmic rays i s  3 t o  5 goem-") before reaching t h e  Earth, not only w i l l  
HI ,  He", C12 nuc le i  be formed as fragments from the  f i s s i o n  of nuclei ,  
bu t  a l so  t h e  r a r e  nuc le i  of 3,He3, C13, e t c .  Thus, by measuring the  
isotopic  composition we w i l l  o'btain s t i l l  another parameter f o r  construct
ing a quant i ta t ive  theory of cosmic ray or ig in .  

There i s  very l i t t l e  information on t h e  proton-to-cletiteron f l u x  r a t i o .  
(Ref. 23) s t a t e s  t h a t  the  r a t i o  of t he  deuteron t o  t h e  proton f l u x  ( i n  the  
92-175 Mev/nucleon energy range) i s  c lose t o  zero. This value i s  matched 
by t h e  f indings of (Ref. 24) - Id / I  5 3% f o r  t h e  energy range of 130-202 Mev  
(protons) and 82-166 Mev/nucleons (geuterons) In t h e  l a t t e r  case, t he  
deuteron f lux  w a s  measured: It w a s  4.2*10-3particles em 

-2 -see-' =sterad- '  -Me;'. 
The measurements i n  (Ref. 25) gave a value approximately four  times grea te r  
f o r  t h e  56-200 

6.8) *10-3particles*m-2 sec-l esterad-' 
Mev/nucleon energy range: According t o  these f indings Id z 

x (17.6 =k OMev-l, which corresponds t o  
Q/IP- l2%. The da ta  of (Ref. 26), given at a conference i n  India, indicate  
an I /Ip r a t i o  of l e s s  than 10% (with Ep - 20 Gev). (Ref. l2) c i t e s  a value 
of 8$ as t h e  upper l i m i t  f o r  t he  deuteron-to-proton f l u x  r a t i o  i n  t h e  
25-80 Mev/nuc leon range. 

The experimental da ta  on measurement of the  Hey(He3 i-He4)rat io  a re  
s l i g h t l y  more numerous (Table 2 ) .  However, as t h e  Table shows, the  da ta  
a re  not i n  very good agreement w i t h  each other,  a l thou h the re  i s  reason 
(Ref. 34) t o  'believe t h a t  the  low values of t he  He3/He' + He" r a t i o  derived 
i n  (Ref. 29, 31, and 32)  are t i e d  i n  with the  cutoff of a s izeable  f r ac t ion  
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of t h e  He3 nuclei  by t h e  Earth 's  magnetic f i e l d  a t  t h e  observational point .  
I n  t h i s  case, a l i  thearemaining da ta  w i l l  agree with t h e  value of 0.2-0.3 
f o r  t h e  He3/(He3 + He-) r a t i o .  

Despite a c e r t a i n  inconsistency, a l l  t h e  f igu res  i n  Table 2 give 
a He"/(He3 -iHe4) r a t i o  value which i s  10,000 times grea te r  than t h a t  
corresponding t o  t h e  d i s t r i b u t i o n  i n  nature.  However, i n  order t h a t  /490 
these  f igu res  may be e f f ec t ive ly  u t i l i z e d  f o r  numerical calculat ions,  
they must be known with grea te r  ce r t a in ty  and accuracy. 

E, 

0.41K). 09 
0.38k.09 
0.31% .08 
0 . 0 8 ~ .08 
0 . 2 0 s .  05 
0 .10~1 .05  
0 . 0 6 a  .03 

0 . 2 2 ~.06 

Mev/nucleon 

200-400 
200-400 
160-355 
200-300 
160-370 
155-320 
260- 360 

Author and Source 

Appa Rao (Ref. 27) 
Appa Rao (Ref. 28) 
Appa Rao (Ref. 28) 
Ayzu (Ref. 29) 
Appa Rao (Ref. 30) 
Ayzu (Ref. 31) 
Hildebrand e t  al. 

(Ref. 32) 

Foster, Mulvey 
(Ref. 33) 

A few word6 about t h e  p o s s i b i l i t y  of 
Detection of such isotopes would indicate  
ponding p a r t i c l e s  i n  t he  s o l a r  system, o r  
a re  re ta ined and accumulated i n  the  s o l a r  

de tec t ing  unstable isotopes.  /491 
a so la r  o r ig in  of t he  corres
mechanisms by which p a r t i c l e s  
system. I n  f a c t ,  t he  ha l f - l i ves  

of almost a l l  l i g h t  radioact ive isotopes a r e  in s ign i f i can t ly  short, i n  
comparison with the  time required f o r  cosmic ray  p a r t i c l e s  t o  t r a v e l  f rom 
the  center  of t he  Galaxy t o  the  so l a r  system (Tcr - 3 ~ 1 0 ~years) .  For 
example, t h e  h a l f - l i f e  of rr' i s  7 = l2.1 years; t h a t  of Cl4 i s  5000 years.  
Unstable isotopes w i l l  therefore  decay p r a c t i c a l l y  "instantaneously". Only 
t h e  Be'' isotope i s  an exception. I t s  h a l f - l i f e  i s  7 == 2.5*106years. 
During time Tcr, a subs t an t i a l  port ion of t h e  slow Bel' nuclei  decay accord
ing t o  t h e  formula Be"-+E?O -I- 9- (when TCr= LO7 years, 1/16 o f  these  nuc le i  
formed w i l l  remain when Tcr=2.5.10 7 years, t h i s  f r a c t i o n  decreases t o  1/1000), 
The r e l a t i v i s t i c  nuc le i  may not,  however, decay i n  time Tcy, with t h e  r e s u l t  
t h a t  t h e  r e l a t i v e  content of Be nuclei  (e.g., t h e  Be/B r a t i o )  w i l l  grow with 
the  increase i n  energy. According t o  t h e  ca lcu la t ions  of (Ref. 35), t h i s  
r a t i o  va r i e s  from 0.33 t o  0.62 with t h e  t r a n s i t i o n  from energies of s eve ra l  
hundred Mev/nucleon t o  energies a t  which Be" decay may be disregarded. 
Measurement of t h e  r e l a t i v e  abundance of Be nucle i  i n  cosmic rays w i l l  make 
it possible  t o  determine t h e  l i fe t ime of cosmic rays i n  t h e  Galaxy indepen
dent l y  . 
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TABLE 3 

Isotopes 

HI I Ha 1 Ha 1 He3 1 He' I C" 1 CIJ 

-~- -~ 

r ,  g.cM-* 10 20 30 7,5 10 3,3 3,'= 
100 440 I ( Z ) / ~ ~ ( I )3,38 3,35 3,3813,5 13,5 121 121 

N p ,  1 0 G o e a n  1,47 2,93 4,40 2,20 2,93 2,93 3,17 

r, g . c . ~ - ~  20 40 160 15 20 6,7 7 , l  
150 550 

200 640 

300 800 

400 950 

500 1030 

700 13'10 
Up, lOfOe.CX 4,47 8,93'13,40 6,70 8,93 8,93 9,67 

r ,  g.cA-2 350 700 1050 262 350 117 127 
900 1560 l ( z ) / I p ( l )  1,03 1,OS 1,03 4 , 3  4,3 39 39 

5,20 10,40 15,60 7,80 10,40 10,40 11,27I 1 1 1 

Three independent parameters (e.g., pc i n  addi t ion  t o  dE/dx and E) 
must be measured t o  determine i so topic  composition. Up u n t i l  now iso
t o p i c  composition has been es tab i i shed  only i n  emulsions. However, it 
seems possible  t o  perform such measurements by employing another method. 
For example, t h e  use of' s c i n t i l l a t i o n  counters (determining dE/dx) and 
t h e  magnetic f i e l d  (measuring pc) plus t h e  measurement of t h e  'range w i l l  
make it possible  t o  analyze i so topic  composition. The feasibi l i ty  o f  
dis t inguish ing  isotopes i s  apparent from Table 3, which gives data on 
range r, of t h e  relative ioniza t ion  

/ Lp 

and t h e  curvature p i n  t h e  magnetic f i e l d  H f o r  a number of isotopes.  

662. 




1.4. Antiprotons 


During the interaction of cosmic ray protons and interstellar 
matter, antiprotons, among other particles, must and will be formed. If 
we do not touch upon the hypothesis of "antimatter1'and its penetration 
into circwnsolar space from other regions of the Galaxy, then nuclear 
interactions are the sole source of antiprotons. The fraction of anti
protons to be expected in the primary cosmic ray flux m3y be estimated. 
Such an estimate has been conducted in (Ref. 3 6 ) ,  and the corrected value 
of the m a x i "  fraction of antiprotons given in (Ref. 1) is 0.05%. 
Existing experimental data give values of no more than 0.1% for the frac
tion of antiparticles (antiprotons and "antinuclei") in(Ref. 21 and 37) 
and no more than 0.23% in (Ref. 38). These figures refer to antiparticles 
which might have been destroyed if arrested in an emulsion (not a single 
such case has been recorded). 


It is of interest to search for fast antiprotons. Definite possibili
ties are afforded by the use of a magnetic analyzer (of course, with 
simultaneous measurement of other parameters). The development of such an 
analyzer for performing measurements on satellites is becoming feasible 
because of the development of superconductive wires. We may at present 
speak of the development of superconducting magnets with a magnetic field 
strength of 30-50kceand dimensions of 1-2m. Using a magnet with these 
characteristics, we can measure impulses on the order of ev with up to 
100% accuracy, and impulses on the order of lOllev with up to 1% accuracy. 
Such an instrument would make it possible not only to distinguish between /492
particles by charge sign (protons and antiprotons, electrons and positrons), 
but also to obtain particle impulse spectra,to perform analysis of masses, 
and to settle other questions involving cosmic ray composition. It must, 
however, be emphasized that the detection of fast antiprotons in cosmic 
rays, even with a magnetic field, is a very complex task, for the expected 
number of these particles is negligibly small, and the whole effect may 
"drown" in the mass of phenomena caused by other particles (e.g., by elec

trons, the number of which is approximately 100 times greater than the 

expected number of antiprotons). 


I.5. Superheavy Nuclei 


Information on nuclei of Z > 30 is very fragmentary and sparse. 
Photoemulsions have recorded isolated cases of nuclei of Z > 34, and even 
of Z- 41, but no flux evaluations based on such measurements have been 
successfully made. An experiment (Ref. 39) conducted aboard AES-3 in ten 
days recorded one case of a nucleus with a very high chargepassing through
the instrument; this gives the ratio 

as a certain estimate of the flux. 
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More prec ise  d e f i n i t i o n  of t h i s  quant i ty  i s  of undoubted in t e re s t ,  
but t h i s  t a s k  i s  not a simple one, from t h e  experimental point  of view. 
Even if t h e  r a t i o  Iz>o/Iz,15 - (and not t e n  times l e s s )  holds, an 
enormous de tec tor  wou?d be required t o  record only 5-10 nucl  i i n  a day 
( the  instrivnent should have a geometric f a c t o r  of r. - 3000 CID? s terad,  but 
those o rd ina r i ly  used t o  solve these  problems have r - 30-100)

1.6. Time Changes i n  Flux of t h e  Primary Nuclear Component 

It i s  well-known t h a t  r e g i s t r a t i o n  of va r i a t ions  i n  cosmic r ay  inten
s i t y  i s  an e f f ec t ive  method of studying conditions i n  in te rp lane tary  (and 
i n  some cases a l s o  i n  i n t e r s t e l l a r )  space, and a l s o  processes leading t o  
the  accelerat ion of charged p a r t i c l e s  on t h e  Sun and t o  emission of cor
puscular streams. Simultaneous recording of a common cosmic ray  component 
and of i t s  ind iv idua l  components (various nuc le i  groups) undubitably 
a f fords  grea te r  p o s s i b i l i t i e s  f o r  a more de t a i l ed  ana lys i s  of these  pro
cesses, and may fu rn i sh  c r i t e r i a  f o r  t h e  v a l i d i t y  of 'some p a r t i c u l a r  
hypothesis explaining these  phenomena. Although va r i a t ions  of diverse  
nature may evident ly  be studied by a s ingle  instrwpent, it i s  convenient 
when presenting t h e  mater ia l  t o  take a separate  look a t  p a r t i c l e  generation 
on the  Sun and modulation of ga l ac t i c  cosmic rays.  

P a r t i c l e  Generat-ion on t h e  Sun 

Data on t h e  generation of cosmic rays on t h e  Sun during very powerfil  
so l a r  f l a r e s  have been ava i lab le  f o r  a long t i m e  (Ref. 40). Regular 
f l i g h t s  t o  grea t  a l t i t u d e s  i n  t h e  s t ra tosphere i n  t h e  last  decade have 
enabled us  t o  de t ec t  f l a r e s  with the  power of low-energy protons (Ref. 41,
42). The last few years have recorded cases of nuc le i  generation with cos
mic ray energies on t h e  Sun. A number of experiments conducted i n  t h e  USSR 
(see survey [Ref. 11 and report  [Ref. 431) have discovered heavy nuclei  of a 
so la r  o r ig in  with an energy of more than 600 Mev/nucleon. In  (Ref. 44) an 
American group reported on t h e  r e g i s t r a t i o n  of low-energy nuc le i  generated 
during so la r  flares. There i s  reason t o  assume t h a t  under various condi
t i o n s  diverse  acce lera t ion  mechanisms operate on t h e  Sun, and i n  some cases 
r e s u l t  i n  t h e  generation and emission of b a s i c a l l y  heavy, high-energy /493
nuclei ,  and i n  o thers  i n  t h e  generation of cosmic rays whose chemical compo
s i t i o n  i s  similar t o  t h a t  of t h e  Sun. I n  corqection with t h e  quest'ion of a 
heavy .nuclei f l u x  increase without simultaneous increase i n  proton flux, we 
would l i k e  t o  point  out (Ref. 45).  It compares the  fluctua.t ions i n  nuclear 
s t rength  recorded i n  space (Ref. 46) with those recorded by neutron monitors 
on t h e  Earth 's  surface. It i s  found t h a t  i n  t h e  "impact zones" s l i g h t  
increases  in t h e  neutron-monitor counting r a t e  a r e  detected,  which,exceed 
t h e  l i m i t s  of s t a t i s t i c a l  e r r o r  and which a r e  cor re la ted  with nuc le i  f l ux  
increases i n  space. A t  t he  same time, outs ide the  "impact zone" ( i n  the  
'Lbackground zone") no such e f f e c t s  are  observed. 
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Modulation Effects 


While there are rather extensive experimental data on the modulation 
effects of the entire cosmic ray component, information on modulation 
variations of nuclear intensity is very scanty. There are data on long-
period fluctuations in the nuclear component intensity (associated with the 
eleven-year cycle of solar activity). Many authors (Ref. 47, 48) have 
pointed out an inverse correlation between cosmic ray nuclear intensity 
and solar activity. Measurements conducted in the last few years by 
Soviet artificial satellites and space rockets have enabled this pattern 
to be traced during the last solar minimum period, and information was 
obtained on the intensity fluctuation not only of a-particles, but also 
of heavier nuclei (for more details see [Ref. 493). The intensity of 
a-particles during Forbush decreases was irregularly recorded; the computed 
number of these observations is familiar (Ref. 50, 51).  It is, moreover, 
clear that in the explanation of the Forbush-decreasemechanism, simultan
eous measurements of thefluxes of different components (protons, a-particles, 
heavier nuclei) play a prime role (it should be stressed that protons and 
nuclei with Z 2 2 with the same energy per nucleon possess different hard
ness). 

The receipt of information on fluctuations in cosmic ray nuclear in
tensity requires constant measurements outside the atmosphere (and, in 
some cases, outside the magnetosphere) of the Earth. Due to the smallness 
of the nuclear component flux, the equipment must possess great illuminat
ing power. We may illustrate this by pointing out that a device with 
r y 1500 cm .sterad (three detectors each with r- 500 cm *sterad)will 
make it possible to measure fluxes of protons, a-particles, and nuclei 
of Z 2 6 for 1 min. with a statistical accuracy of 0.7-2,2-5, and 11-35%, 
respectively. The volume of a single detector (cube-shaped) will be 
approximately 11 liters. The use of several detectors is due to the 
necessity of being able to separate true variations in intensity from 
variations,inthe equipment. The best information on variations in the 
primary cosmic ray flcx would be given by instruments installed on long-
lived, distant artificial Earth satellites or on the natural satellite, 
the Moon. 

1.7. Gradient of Cosmic Ray Intensity in the Solar System 


The problem of modulatory variations is closely related to the form of 
the energy spectrum of primary cosmic rays in the low-energy region. The 
almost complete absence of galactic cosmic rays having a hardness of less 
than approximately 1 Gev in the Earth's orbit (the so-called high-latitude 
truncation) and the change in the magnitude of this threshold haydness, /49$
during the transition from the period of maximum solar activity to the 
minimum period, provide a basis for assuming that this effect is likewise 

associated with the action exerted on the cosmic rays by the magnetoelectric 

conditions in interplanetary space which are determined by fluxes from the 

Sun. In accordance with this, a certain gradient should be observed in the 

cosmic ray intensity in interplanetary space (at least during years of a 

solar maximum). 
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Figure 2 

Ioniza t ion  I Measured by  Chamber Aboard "Mariner-2" 
and Readings of Neutron Monitor Nn at Deep River f o r  

t h e  Same Period (September-December 1962) 

Along absc issa  a c i s  (beneath) - dis tance  R from Sun 
( i n  astronomical un i t s ) ,  a - s o l a r  f lare,  b - period 
when device was shut o f f .  

The experiments conducted by space rockets  "Pioneer-5" ( R e f .  52) and 
"Mariner-2' ( R e f .  53,54) f l y i n g  toward Venus, and by t h e  in te rp lane tary  s t a t i o n  
"Mars-1" (Ref. 55) f l y i n g  toward Mars, d id  not give enough r e l i a b l e  infor 
mation on t h e  gradient  of t h e  t o t a l  i n t e n s i t y .  This problem i s  d i f f i c u l t  
t o  solve, because a t  such d is tances  the  gradient ,  if indeed t h e r e  be one, 
i s  s l i g h t ,  and t h e  f luc tua t ions  i n  i n t e n s i t y  associated with solar a c t i v i t y  
are grea t .  

A s  an example, we may c i t e  t h e  d a t a  received by  "Mariner-2'' (Figure 2).  
It i s  c l e a r  from t h e  figure t h a t  ion iza t ion  measured by t h e  ion iza t ion  
chamber aboard the  rocket d id  not vary during passage from the  o r b i t  of 
t h e  Earth t o  t h a t  of Venus; i n t e n s i t y  measured by  t h e  t e r r e s t r i a l  neutrons 
monitor at Deep River went up 3% i n  t h a t  period. Since, according t o  da t a  
of t h e  authors i n  ( R e f .  54), t h e  readings of t h e  ion iza t ion  chamber beyond 
atmospheric l i m i t s  r igorously coincide with those of t h e  neutron monitor 
at Deep River, t h e  authors  conclude t h a t  t h e  increase de tec ted  on Earth i s  
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completely compensated by t h e  decrease i n  i n t e n s i t y  as the  o r b i t  of Venus /495 
i s  approached. They thus der ive a gradient value of 12%per  astronomical 
un i t .  

It'is des i rab le  t o  measure t h e  gradient not only towards t h e  Sun and 
from the  Sun, but a l so  perpendicular t o  the  e c l i p t i c  plane, s ince i n  t h e  
l a t t e r  d i r ec t ion  t h e  magnetoelectric environment w i l l  apparently vary more 
d ras t i ca l ly ,  s ince t h e  Sun ch ie f ly  e m i t s  t h e  streams i n  t h e  plane of t h e  
e c l i p t i c .  

1.8. Anisotropy 

Let us pause b r i e f l y  on the  matter of cosmic r ay  anisotropy. We s h a l l  
. 	 .not discuss  the  anisotropy of ultrahigh-energy p a r t i c l e s  (greater ,  say, 

than 1014ev) which can 'be s tudied from extensive atmospheric showers. From 
t h e o r e t i c a l  estimates based on cosmic-ray p a r t i c l e  d i f fus ion  i n  t h e  Galaxy 
we may expect an isotropy reaching(6-13) -lo-"$f o r  protons and (12-15) *lo-"% 
f o r  nuclei  (see Ref. 2)*. An indica t ion  t h a t  anisotropy of t h e  e n t i r e  com
ponent e x i s t s  f o r  protons of energy E > 50 Gev was obtained i n  (Ref. 57) by 
analyzing da ta  on va r i a t ions  i n  the  meson component i n  1954-1955. There 
a re  no other  experimental f indings which show anisotropy of a stream of p a r t i 
c l e s  w i t h  these  energies and, i n  pa r t i cu la r ,  t he re  a re  no experiments t o  
de tec t  anisotropy in  nuclei  heavier than protons. 

A s  w a s  indicated i n  (Ref. 58) ( f o r  t h e  influence of t he  
Sun's magnetic f i e l d ) ,  we may i n  pr inc ip le  expect anisotropy t o  appear i n  
p a r t i c l e s  of low energy close t o  t h e  threshold energy of h igh- la t i tude  
t runcat ion,  if t h i s  t runca t ion  is  connected with magnetic f i e l d  act ion.  
This anisotropy w i l l  be t t loca l t '  i n  nature (occurring i n  t h e  solar system) 
and t o  some degree similar t o  the  e f f e c t  of east-west asymmetry on Earth. 

11. Electron-Positron Component of Primary Cosmic Rays 

The importance of t he  primary e lec t ron  problem has been repeatedly 
indicated i n  the  l i t e r a t u r e ,  and we w i l l  here r e f e r  t o  the  book (Ref. 2) 
which contains a de ta i l ed  b ib l iographica l  l i s t .  W e  s h a l l  only b r i e f l y  
discuss  information on t h e  ex i s t ing  experimental s tud ies  and on problems 
which have not ye t  been solved. 

11.1 Flux and E n e r a  Spectrum of Electron-Positron Component 

After t h e  publ icat ion of (Ref. 59) i n  1950-1951, it w a s  almost t e n  
years  before  the re  were r epor t s  on attempts t o  measure t h e  e lec t ron  

~~ 

* ( R e f .  2) did not take i n t o  acxmnt plasma e f f e c t s  which may lead t o  a 
decrease i n  degree of anisotropy (see [Ref. 561). 



-- 

i n t e n s i t y  i n  primary cosmic rays.  Table 4 gives the  r e s u l t s  of e lec t ron  
f lux  measurements which were published a f t e r  1961. 

A s  i s  apparent, t he  experiments a re  very s m a l l  i n  nmiber and t h e  
s t a t i s t i c a l  c e r t a i n t y  of t he  r e s u l t s  i s  s m a l l .  A s  an example, it may be 
explained t h a t  (Ref. 60) c l a s s i f i e d  only eleven showers as e lec t ron  
showers, while (Ref. 62) l i s t s  eighteen such events. A l l  these experi
ments made by balloon indicate  t h a t  secondary p a r t i c l e s  formed i n  t h e  
air  layer  above t h e  device or a r r iv ing  at the  measurementspot along a 
magnetic fo rce  l i n e  from the  opposite hemisphere (atmospheric albedo) may 
make a s ign i f i can t  contribution. It i s  therefore  advisable t h a t  experi- /496
.merits studying e lec t rons  be conducted by d i s t a n t  s a t e l l i t e s  (outs ide t h e  
Earth 's  magnetosphere). 

- _ _  - -. 

Electron Flux 

E,, Mev 	 Absolute value Ratio t o  
cm-2 see-' sterad- '  Proton f lux ,  

Met hod 
Ehployed 

Wilson Cloud 
Chaniber 

S c i n t i l l a t i o n -
shower device 

Cylindric a1 
sc i n t  i l l a t i o n  

chambers 

~~ 

Source 

-

(Ref. 60) 

(Ref. 61) 

(Ref. 62) 

>500 

25<,~,<100 

100=ae<1300 

a 3 0 0  
>4500 

11.2. 

Apart from the  

$ 

32htl-0 ( 3 4  


28-30 


35-110 1-7-5 I 

0-80 

6.6 1.1-1.5 

Ratio Between Posi t ron and Electron Fluxes 

question of t h e  e lec t ron  component energy spectrum, it 
i s  very important and in t e re s t ing  t o  determine t h e  r a t i o  between t h e  number 
of e lec t rons  and posi t rons i n  a primary cosmic r ay  stream. It i s  known t h a t  
posi t rons may appear i n  cosmic rays only as t h e  end product of unstable 
p a r t i c l e  decay; these p a r t i c l e s  a re  formed during the  nuclear i n t e rac t ion  
of cosmic rays and i n t e r s t e l l a r  matter.  Therefore, t he  charge composition 
of t h e  electron-positron component w i l l  enable us  t o  judge the  relaki1.e 
contribution of d i r e c t  accelerat ion and "secondary" processes ( TT &-meson 
decay, e t c .  [Ref. 641) -to t h e  electron-positron component. 

As of t he  present,  only a s ingle  work (Ref. 63) has determined the  
r a t i o  of t he  posi t ron and e lec t ron  f luxes  i n  primary cosmic rays.  The 
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measurements vere  made with s c i n t i l l a t i o n  chambers, between two rows of 
which a permanent magnet with a f i e l d  s t rength  of 6000 gauss w a s  placed. 
Electrons (posi t rons)  up t o  a hardness of 2 Gev could be measured. Table 
5 gives f ind ings  on three energy ranges {to 1Gev). 

TABIX 5 
-. - -_- .- ._. -

Eej M e V  
Number of P a r t i c l e s  Recorded e+/( e++e-) 

1__
. -. 

1st Tota lFl ight  
- -.- . . . .

50-100 4 9 20 0 . 3 ~ ~ .E 

100-300 19 32 24 51  0.38m .07 
300-1000 15 23 52 117 0.16a.04 

The experiment i n  (Ref. 63) has comparatively good s t a t i s t i c a l  accur
acy, and shows t h a t  i n  the  energy range t o  1Gev a la rge  port ion of t he  
e lec t rons  a r e  of "primary" or ig in :  They apparently r e s u l t  from d i r e c t  
acceleration*. This r e s u l t  agrees q u a l i t a t i v e l y  with the  ca lcu la t ions  i n  /497
(Ref. 64) of t he  quant i ty  of "secondary" e lec t rons  formed i n  the  Galaxy 
during the  in t e rac t ion  of cosmic rays.  It i s  c lear ,  however, t h a t  t h i s  
i so l a t ed  experiment must not be regarded as a f u l l  and f i n a l  so lu t ion  of 
the  problem. It i s  p a r t i c u l a r l y  necessary t o  conduct t h i s  type of research 
i n  a broader energy range. 

It i s  apparent t h a t  t h e  above-described magnetic analyzer of super
conductive wire i s  the  i d e a l  instrument f o r  solving the  problem of the  
ratios between f luxes  of e lec t rons  and protons. 

Ekperiments of t he  type described i n  ( R e f .  63) fu rn i sh  information on 
posi t rons i n  t h e  y i c i n i t y  of t he  Earth (or  of t he  Earth 's  o r b i t  when mea
surements a r e  made by a s a t e l l i t e ) .  A s  f o r  t h e  regions f a r t h e r  removed 
from us, only t h e  recording of y-radiation can fu rn i sh  us information on 
t h e  posi t ron content &eE.  As i s  e a s i l y  seen, posi t rons,  if they  e x i s t  i n  
cosmic rays, w i l l  i n  time e i t h e r  leave the  Galaxy or ,  slowing down, become 
destroyed, emi t t ing  two Y-quanta, each with an energy of 5 l O  kev. By 
recording these  monochromatic y-quanta, we can der ive information on t h e  
t o t a l  number of pos i t rons  i n  d i f f e ren t  d i r ec t ions .  The flux of such Y-quanta 
t o  be expected i s  weak (see  Section III), and therefore  a de tec to r  with a 

.- . _  

* From avai lab le  information, t he  authors of (Ref. 63) now be l ieve  t h a t  
t h e  posi t rons and e l ec t rons  which they  recorded i n  t h e  E, < 500 MeV 
energy range may be of atmospheric o r ig in  t o  a considerable extent .  



very high energy resolution is needed to record them. An n-p sensor of 

germanium, which possesses a sufficiently fine y-quanta detectivity, may 

be utilized as this detector. 


111. Cosmic Gamma- and X-Ray Radiation 


New prospects in the study of cosmic rays in remote areas of the uni
verse have unfolded due to the recently developed gamma- and X-ray astronomy.
If we are speaking of y-rays with energies of E > 50 Mev, they can be gener
ated only by cosmic rays. Therefore, measurement of the intensity, and 
spectral and spatial distribution of such Y-rays can provide invaluable 
information about cosmic rays, especially if'we take the fact into consider
ation that the Y-radiation in question is propagated linearly and practi
cally without absorption to a distance up to the photometric radius of the 
universe. 

Softer electromagnetic radiation (E < 50 MeV) may in great measure be 
caused by subcosmic particles (particles of energy E < 100 Mev) or simply 
be gas heated to a high temperature. The latter belongs to X-ray radiation 
(we will conventionally designate photons of energy E < 100 kev as X-ray). 
Since we will have at our disposal practically no independent information 
on subcosmic particles in interstellar and intergalactic space, when 
examining the low-energy photon region we will have in mind only the por
tion of gamma and X-ray radiation originating from cosmic rays. This group 
of questions is discussed in detail in (Ref. 3). We will cite below only
the results derived from calculating the expected intensity f o r  the most 
important processes of gamma- and X-ray generation. We shall also point 

out the areas of experimental and theoretical research into the problem, 

which, in our opinion, are the most promising. 


The principal mechanisms generating continuous gamma-radiation are: 


(1) The decay of no-mesonswhich are formed during the nuclear colli
sions of cosmic rays with matter (interstellar gas). The overwhelming por
tion of y-rays formed in this process have an energy of Ey > 50 MeV, and 
their energy spectrum is close to that of cosmic rays. 

( 2 )  The braking radiation of the relativistic electrons and positrons /4gF 
comprising the electron component of cosmic rays. The energy spectrum of 
this radiation reflects that of the electron component of cosmic rays. When 
a substantial quantity of subcosmic electrons is present, we may expect an 
appreciable intensity of y-rays with energies of Ey < 50 MeV. The spatial 
distribution of braking radiation, as in the case of ion y-rays, is stipu
lated by the distribution of interstellar gas. In the case of the Galaxy, 
it is sharply anisotropic (the maximum in the direction of the galactic 
center). 

(3) Compton y-rays which are formed by X-ray electrons during the 

scattering of thermal photons (stellar radiation). This radiation has a 

flatter energy spectrum than that of the electron component of cosmic rays, 

and extends far into the low-energy region. The spatial distribution 
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of the  r ad ia t ion  r e f l e c t s  t h e  dens i ty  d i s t r i b u t i o n  of l i g h t  photons i n  
space. For t h e  Galaxy, i n  pa r t i cu la r ,  it i s  e s s e n t i a l l y  more i so t rop ic  
than the  r ad ia t ion  stemming from t h e  two previously examined processes. 

Table 6 gives  evaluat ions of t h e  i n t e n s i t y  of y-rays produced by 
these  mechanisms i n  t h e  G a l a x y  ( i n  d i f f e r e n t  d i r ec t ions  and averaged 
over d i r ec t ion )  and i n  t h e  Metagalaxy ( f o r  f u r t h e r  d e t a i l s  see [ R e f .  33). 

TABLF: 6 
INTENSITY OF y-RADIATION Iy(> Ey) ( I n  em-2 *sec- l . s te rad- l )  

I

GalaxyRadiation 

EY Mechanism 

1 Gev +-Y + Y 
Braking 

C ompton 

50 Mev f l - + Y + Y  
Braking 

Compton 

toward Metagalaxy 

center  

Note: Zcr and 5, are coe f f i c i en t s  of propor t iona l i ty  between cosmic 
ray  and  e lec t ron  component i n t e n s i t i e s  i n  t h e  Metagalaxy and Galaxy. 

A t  present only the  upper boundary of t he  average i n t e n s i t y  w i t h  
respect  i o  directj-on 

I,(>50Afar),(3,~.1O4 photon'cm-2.sec-1.sterad-1 (1) 
hae been experimentally ascer ta ined (Ref. 65). This value i s  subs t an t i a l ly  
higher than the  expected i n t e n s i t y  for t h e  Galaxy. Therefore, both an 
increase i n  measuremental accuracy and a determination of t h e  r e l a t ionsh ip  
between the  rad ia t ion  and t h e  ga l ac t i c  coordinates are needed t o  i s o l a t e  
t h e  ga l ac t i c  component of y-radiation, and t o  determine i t s  nature.  The 
experimental up'per boundary (1) now makes it possible  t o  draw an important 
inference regarding cosmic rays i n  metagalactic space. The i n t e n s i t y  of 
t h e  e l ec t ron  component of metagalactic cosmic rays, as i s  c l e a r  from 
Table 6, cannot exceed 1/30 of t h e  r e l a t i v i s t i c  e l ec t ron  i n t e n s i t y  i n  t h e  
Galaxy. This r e s u l t  agrees with t h e  general  conclusion t h a t  t h e r e  i s  a 
r e l a t i v e l y  small concentration of cosmic rays i n  t h e  Metagalaxy ( f o r  
f u r t h e r  d e t a i l s ,  see i R e f .  21). 



The next important area of gma-astronomy i s  t h e  de tec t ion  of 
r ad ia t ion  from d i s c r e t e  sources, pr imari ly  such vigorously generated and 

uickly developing phenomena as supernovae, radiogalaxles,  and quasers /499
qsuper-giant stars). Exis t ing attempts t o  de tec t  high-energy gamma-
radia t ion  (Ey -' 1013ev) from such sources have proved unsuccessful; t h i s  
a l so  agrees with the  t h e o r e t i c a l  estimates of t h e  i n t e n s i t y  expected i n- 1Gev energy range which a l s o  r e s u l t  i n  t h e  very s m a l l  values:%$Zy > 1G e v ) ~10-8-10-1'photon*cm-2 .see-'. However, exceptions and 
ce r t a in  surpr i ses  are qui te  possidle  here. Thus, f o r  example, a high 
concentration of r e l a t i v i s t i c  e lec t rons  i s  t o  be expected f o r  t h e  super-
giant  3 C  273-B, if i t s  o p t i c a l  rad ia t ion  has a magnetically braking 
nature.  If the  s i z e  of t h i s  source i s  r = 2-1016cm, as might be a s s G e d  
from the  observed br ightness  f luc tua t ions ,  then the  thermal rad ia t ion  
densi ty  near i t s  surface w i l l  reach a value of WP = 5-1013ev-cm-3. Under 
these conditions, t h e  Compton sca t t e r ing  of t h e  r e l a t i v i s t i c  e lec t rons  
ensures a measurable Y-ray f l u x  on Earth (Ref. 3, 66): 

Fy(3 - 1 0 6  <E, <1 0 % ~ )=2: 5.10-6 photon- 9 see-' ( 2 )  

The supergiant , r ad ius  may i n  f a c t  prove t o  be 10-103 times greater ,  a n d  
t h e  y-ray f l u x  t h e  same number of times smaller. 

No l e s s  valuable information may, i n  pr inc ip le ,  be derived from mea
sureaents of p r a y  i n t e n s i t y  i n  t h e  0.1-10 Mev range, although t h i s  in for 
mation may t o  a considerable degree pe r t a in  t o  subcosmic p a r t i c l e s .  Of 
t h e  processes caused by cosmic rays, we would l i ke  t o  point  out t he  y-rays 
generated during posi t ron annihi la t ion,  and t h e  nuclear Y-rays formed 
during the  c o l l i s i o n  of cosmic rays with i n t e r s t e l l a r  gas nuclei .  Nuclear 
y-ray i n t e n s i t y  i s  s m a l l ,  and the  important f a c t  i s  t h a t  it i s  d i s t r ibu ted  
alongnume-rous. l i n e s  i n  the  y-spectra of nuc le i  which a re  propagated t o  
t h e  grea tes t  extent  i n  t h e  i n t e r s t e l l a r  medium. This may hinder t h e  iso
l a t i o n  of. nuclear y-rays against  the  background caused by subcosmic 
pa r t i c l ed .  In-t h i s  respect ,  t he  experimental detect ion,  already mentioned 
above (see subsection 11.2), of t h e  Ey = 0.51 Mev l i n e  caused by annihi la
t i o n  of t h e  a r r e s t ed  posi t rons i s  most promising. The preponderant 
port ion of posi t rons i s  annihi la ted a f t e r  being retarded t o  thermal velo
c i t i e s ;  these v e l o c i t i e s  a l so  determine the  e f f ec t ive  width of t h i s  l i ne .  
The i so l a t ion  of such a narrow l i n e  w i l l  permit a subs t an t i a l  reduction 
i n  t h e  posszble e f f e c t  of continuous 'background from other  processes. I n  
a s ta t ionary  model, which assumes t h a t  i n  the  last  lo9 years t h e  Galaxy 
has not e s s e n t i a l l y  changed and t h a t  a l l  processes the re in  took place a t  
the  same r a t e  as a t  present,  t h e  expected i n t e n s i t y  of t h e  annih i la t ion  
y-quanta d i rec ted  toward the  ga l ac t i c  center  i s  

Here t h e  l e s s e r  value matches the  period of d i f fus ion  escape from 
the Galaxy Te F=: 10' years, while t he  grea te r  value corresponds t o  a 
closed model of t h e  Galaxy where it i s  postulated t h a t  a l l  posi t rons 
formed a re  re ta ined  i n  t h e  Galaxy u n t i l  t h e i r  annih i la t ion  (Te 10'years). 
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Let us  now b r i e f l y  discuss  t h e  p o t e n t i a l i t i e s  and prospects of X-ray 
astronomy. We would f i rs t  of all l i k e  t o  note t h a t  t he  recept ion of\X-ray 
rad ia t ion  i s  t h e  so le  method of de tec t ing  neutron stars, which represent 
an important s tage  i n  the  development of matter i n  t h e  universe. 

Magnetic braking X-ray rad ia t ion  of very high-energy e lec t rons  can 
be d i r e c t l y  l inked t o  cosmic rays,  more accurately,  t o  t h e i r  e lec t ron  
component. This type of r ad ia t ion  has apparently now been discovered /500
f o r  t he  Crab Nebula. This ind ica tes  t h a t  very e f f i c i e n t  mecharii.sms f o r  
acce lera t ing  e l ec t rons  t o  energies  of E - 1013ev, and possibly more, 
ex i s t  i n  t h a t  nebula. If e lec t rons  of energy E - 1 4ev en te r  i n t e r s t e l l a r  
space and possess s u f f i c i e n t  power, t h e i r  magnetic braking rad ia t ion  i n  
t h e  i n t e r s t e l l a r  magnetic f i e l d s  may provide a r a the r  strong X-ray 
"background". Thus, t he  study of t h e  X-ray rad ia t ion  of d i s c r e t e  sources, 
as wel l  as t h e  over -a l l  X-ray r ad ia t ion  of t he  gala-, i s  already furnishing, 
and no doubt w i l l  fu rn ish  more, valuable information on superhigh-energy 
e lec t rons  i n  t h e  universe.  

The r e s u l t s  enumerated and the  conceivable paths by which ga"&and 
X-ray astronomy may develop present only the  f i r s t  rough sketch of the  possi
b i l i t i e s  opening up before  t h i s  branch of astrophysics.  We can scarcely 
doubt t h a t  t h e  p i c tu re  w i l l  be subs t an t i a l ly  c l a r i f i e d  i n  t h e  fu tu re  and 
w i l l  contain r i che r  information; 
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EXPERlMENTAL STUDIES OF THE COMPOSlTION OF 
PRIMARY COSMIC RAYS 

(Summary) 

L. V. KuTnosova, L. A. Razorenov, 
V. I. Ikgachev, M. I. Fradkin 

This report  presents  t h e  main r e s u l t s  derived from invest igat ions 
using s a t e l l i t e s  and rockets  between 1958 and 1963 when studying t h e  
nuclear component of cosmic rays. The values f o r  streams of d i f f e ren t  
nuc le i  groups a r e  given, obtained from measurements 'by i n t e g r a l  and 
d i f f e r e n t i a l  Cherenkov counters. The upper estimate f o r  t h e  r a t i o  of 
nuclei  streams with Z >, 30-40 to Z 2 1-5 i s  O.Ol-O.O3$. The r a t i o  of /502 
a stream of l i g h t  nuclei  of t h e  L group to a nuclei  stream of the  group
S=M+H i s  given. The r a t i o  i s  31.0+9.6$. The r e s u l t  derived from studying 
t h e  l a t i t u d i n a l  i n t e n s i t y  dependence of nuc le i  streams of d i f f e ren t  groups 
ind ica tes  t h a t  t h e  energy spectra  of d i f f e r e n t  nuc le i  groups coincide i n  t h e  
energy region where the  p a r t i c l e s  a r e  influenced by geomagnetic phenomena. 

The report  discusses  t h e  short- l ived increases  i n  nuclei  streams 
r e l a t ed  t o  chromosphere s o l a r  f l a r e s ,  which were f irst  discovered during 
t h e  f l i g h t  of t h e  second space rocket. The exis tence of short- l ived 
increases  i n  t h e  nuclei  streams of cosmic rays ind ica tes  t h a t  processes 
take  place on t h e  Sun i n  which t h e  nuclei  a r e  accelerated up t o  k ine t i c  
energies exceeding 0.5 10' ev/nucleon. Two mechanisms a r e  apparently i n  
operation on t h e  Sun. One of them, which i s  t h e  most extensive, l eads  
pr imar i ly  to acce lera t ion  of protons - or, i n  any event, does not lead 
pr imari ly  to acce lera t ion  of heavy nuclei .  The second mechanism leads 
pr imari ly  to t h e  accelerat ion of heavy nucle i  ( t he  case on 11/12/59 a t  
11hours 27 minutes UT). 

STUDJES OF .PRIMARY COSMIC RADIATION ON 
THE SATELLDES "ELEKPRON-2" AND "EI;EKTRON-4" 

S .  N. Vernov, P. V. Vakulov, V. I. Zatsepin, 
Yu. I. Ikgachev, V. P. Okhlopkov, A. Ye. Chudakov 

This repor t  w i l l  examine experimental da ta  on primary cosmic radia
t ion ,  obtained on t h e  s a t e l l i t e s  "Elektron-2" and "Elektron-4" from p r i 
marily one gas discharge counter screened by 2.3 g*"" A l .  The opera
t i o n a l  length of t h e  counter w a s  approximately 5 em; t h e  diameter was 
1 cm. The surface of t h e  counter on t h e  s a t e l l i t e  "Elektron-4" exceeded t h e  
surface of t h e  counter on "Elektron-2" by a f a c t o r  of 1.06. The threshold 
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Gas Discharge Counter Recording Rates Behind a Shielding of 
2.3 g.cme2 A1 Based on D a t a  From t he  S a t e l l i t e s  "Elektron-2" and "Elektron-4" 

The ef fec t ive  surface of t he  counter on "Elektron-4" exceeds 
by a f a c t o r  of 1.06 t h e  counter surface of t he  "Elektron-2" s a t e l l i t e .  

energy Tor recording protons by t h i s  counter w a s  45 MeV. 

The "Elektron" s a t e l l i t e s  a l so  car r ied  counters which were screened 
by 4 g.cm-2 A1 and 17 g-cm-' Pb ( threshold energies f o r  protons of 70 and 
110 Mev, respec t ive ly) .  

The "Elektron-2" and "Elektron-4'' s a t e l l i t e s  were launched on 
January 30 and Ju ly  11, 1964, respect ively.  These ' s a t e l l i t e s  had a n  a l t i 
tude a t  apogee of about 68,000 km. For t h e  grea te r  portion of +,!I? time, 
they were located outs ide of t he  rad ia t ion  zones of t he  E a - t h  and recorded 
cosmic rad ia t ion .  

The mean recording r a t e  of t h e  counter employed ves about 20 imp-sec-', 
which provided a s t a t i s t i c a l  accuracy of up t o  0.1% during t h e  20 hours t h e  
s a t e l l i t e s  remained beyond t h e  rad ia t ion  zones of t he  Earth on each revolu
t ion. 

Figure 1 gives  t h e  recording r a t e s  recorded by t h i s  counter between 
January 30 and November 1, 1964. Data between January 30 zzd June 1were 
obtained by a counter ca r r i ed  on t h e  s a t e l l i t e  "EleliLron-2". Data between 
Ju ly  11 and November 1were obtained by a counter ca r r i ed  on the  s a t e l l i t e  
"Elektron-4". 
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G a s  Discharge Recording Rates Behind a Shielding of 
2.3 g-cm-" A1 (l), 4 g-em-2 A1 (2), 17 g-cm-2 Pb (3) 

Based on Data From "Elektron-2" 

Recording Rates obtained during an averaging period 
of 20 hours. 

During t h e  f l i g h t  of t he  "Elektron" s a t e l l i t e s ,  t h e  supply voltage 
remained s t ab le  i n  an i n t e r v a l  which could not lead t o  a change i n  t h e  
counter recording rates; ne i ther  could t h e  temperature f luc tua t ions  lead 
t o  observed changes i n  t h e  recording r a t e .  The correctness  of t h e  
observed var ia t ions  w a s  confirmed by other  gas discharge counters carr ied 
on t h e  "Elektron" s a t e l l i t e s .  The coe f f i c i en t s  of t h e  cor re la t ion  
between the  indices  of a l l  t h e  counters were about 0.8-0.9 (Figure 2).  

I n  addi t ion t o  demonstrating t h e  v a l i d i t y  of t he  observed changes, 
t h e  good cor re la t ion  between t h e  readings of t h e  th ree  d i f f e ren t  counters 
behind d i f f e ren t  screenings a l s o  gave t h e  lower energy l i m i t  of t h e  p a r t i 
c l e s  responsible for t h e  recorded var ia t ions.  The p a r t i c l e  i n t e n s i t y  under 
t h e  absorber d id  not decrease with an increase i n  the  absorber thickness,  
but - on t h e  contrary - even incr'eased somewhat. This means t h a t  t he  
primary stream did not include a s ign i f i can t  amount of p a r t i c l e s  with 
energies between 50-110 Mev, and t h a t  i n  f a c t  t h e  primary stream w a s  cut 
o f f  a t  energies grea te r  than 110 Mev. This i s  indicated by the  i n t e n s i t y

/504increase with an increase i n  t h e  absorber thickness .  This increase i s  
undoubtedly due t o  p a r t i c l e  mul t ip l ica t ion  i n  t h e  f i l ter ,  and ind ica tes  
a r a the r  high mean p a r t i c l e  energy i n  t h e  primary stream. 

It can be seen from Figure l t h a t  t he re  a re  two types of cosmic ray 
i n t e n s i t y  var ia t ions :  Slow var ia t ions  r e l a t ed  t o  t h e  J.1-year cycle of 
solar ac t iv i ty ,  and rapid var ia t ions  with a cha rac t e r i s t i c  time on t h e  
order of - two weeks. 
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Figure 3 

Comparisox: of Mean Monthly Values of Cosmic Ray I n t e n s i t i e s  N l ,  
Based on Data From t h e  S a t e l l i t e s  "Elektron-2" and "Elektron-4" 
(Gas Discharge counter with Screening of 2.3 g-cm-" Al, Curve 3) 

With Readings Nz, of a Neutron Monitor(City of Apatity,  Curve 41, the  
Number of Solar Spots W (Curve 2), and a Stream of Solar Radio 

m i s s i o n  F,, on a 10.7 cm Wave (Curve 1). 

11-year va r i a t ions  of cosmic-ray in tens i ty .  During t h e  f i rs t  half  
of 1964, t h e  i n t e n s i t y  of a primary stream of cosmic rays continued t o  
increase.  During t h e  second half  of 1964, t h e  in t ens i ty  increase slowed 
down, and i n  October t h e r e  w a s  a tendency f o r  it t o  decrease. The mean 
r a t e  a t  which t h e  i n t e n s i t y  increased between February-May w a s  2% per  
month. During Ju ly  and August, t h e  r a t e  of increase was 1% per  month, 
while i n  September and October t h e  in t ens i ty  remained constant.  This 
i n t ens i ty  increase i n  a primary stream of cosmic rays c lose ly  coincides 
with t h e  i n t e n s i t y  increase of t h e  neutron component which extended 
through 1964. For example, t h e  cor re la t ion  coef f ic ien t  w i t h  da ta  
from the  Fort Churchill  monitor w a s  0.7-0.85 during d i f fe ren t  periods of 
1964. The cor re la t ion  coe f f i c i en t  with da ta  f r o m  t he  Deep River 
neutron monitor was 0.61 i n  the  f irst  half  of t h e  year, and 0.70 i n  t h e  
second half  of t h e  year (Ref. 1). Thus, t h e  cosmic ray  i n t e n s i t y  
changes recorded on t h e  s a t e l l i t e s  c losely coincide with the  da ta  obtained 
on the  Earth from neutron monitors. 

The slow i n t e n s i t y  increase throughout 1964 i s  undoubtedly r e l a t e d  
t o  the  11-year cycle of so l a r  a c t i v i t y .  As  w a s  already indicated,  t he  
r a t e  a t  which t h e  primary stream i n t e n s i t y  increased w a s  2% per month 
i n  the  f i r s t  ha l f  of 1964, and 0.4% per  month according t o  da t a  from 
t h e  Deep River neutron monitor. These f igu res  do not contradict  t h e  
spectrum of t h e  11-year va r i a t ion  published i n  (Ref. 2) .  

A c l a r i f i c a t i o n  of t h e  phase s h i f t  between solar a c t i v i t y  and cosmic 
ray i n t e n s i t y  i s  of grea t  importance. Certain information i n  t h i s  regard 
may be obtained from Figure 3, which presents  t h e  change i n  t h e  m e a n  
monthly values of cosmic r ay  i n t e n s i t i e s ,  t h e  relative number of s o l a r  
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G a s  Discharge Recording Rates Behind a Shielding of 2.3 g*cm-2 Al 
For Solar Rotations 1792, 1793, and 1794. 

spots, and a stream of so l a r  rad io  emission on a 10.7 em wave (Ref.  3). /5O5
It can be seen from Figure 3 t h a t  t h e  minimum number of so l a r  spots  
occurs i n  July,  1964. In  succeeding months, t h e  number of s o l a r  spots  
began t o  increase.  The cosmic ray  i n t e n s i t y  apparently reached a m a x i 
mum i n  September, s ince da t a  f o r  October ind ica te  a c e r t a i n  tendency t o  
decrease. However, it i s  premature Ita draw a ca tagor ica l  conclusion 
regarding t h e  i n i t i a l  i n t e n s i t y  decrease of cosmic rays based on these 
premature data .  

Thus, t h e  maximum in t ens i ty  of cosmic rays i s  at l e a s t  two months 
b e h i d  t h e  minimum of s o l a r  a c t i v i t y .  

In t ens i ty  Variations with a cha rac t e r i s t i c  t i m e  of about two weeks. 
These time va r i a t ions  have a c l ea r ly  expressed cycl ical-nature  with a 
period of about two weeks and an amplitude of about 1.5%. It i s  i n t e r e s t 
ing t o  note t h a t  a wave of t h i s  type, with a period of approximately 14 
days and an amplitude of about 2.5%, was recorded i n  April,  1963 during 
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t h e  f l i g h t  of t h e  automatic in te rp lane tary  s t a t i o n  "l;una-4" (Ref. 4).  
However, on t h e  whole t h e  i n t e n s i t y  f luc tua t ions  are not regular  i n  nature.  
The nature of t h i s  va r i a t ion  i s  s t i l l  unclear.  An analysis  of t h e  da ta  . 
points ,  t o  a c e r t a i n  extent ,  t o  t h e  occurrence of a 27-day wave, both i n  
t h e  f irst  and i n  t h e  second ha l f  of 1964. 

In t h i s  connection, t h e  da t a  from t h e  counter screened behind 
2.3 g*cm-2 Al were analyzed with respect t o  so l a r  revolutions.  There 

/506 
w a s  no c l e a r l y  expressed recurrence of t h e  i n t e n s i t y  change from revolu
t i o n  t o  revolution, although f o r  severa l  revolutions - f o r  example, f o r  
t h e  revolutions 1792, 1793, and 1794 shown i n  Figure 4 - t h e  general  
tendency f o r  t h e  i n t e n s i t y  t o  change w a s  expressed f a i r l y  c lear ly .  

The la rge  coe f f i c i en t s  f o r  t h e  cor re la t ion  between our da ta  and t h e  
da t a  from monitors on t h e  Earth took place not only f o r  long periods of 
time, but  a l so  f o r  short  periods.  Thus, t h e  cbef f ic ien ts  f o r  t h e  correla
t i o n  with da t a  from t h e  Fort Churchi l l '  and Deep River monitors were 
0.7-0.85 during a period on t h e  order of 1-2 months (Ref. 1). I n  t h i s  con
nection, and a l s o  i n  view of t h e  f a c t  t h a t  t he re  w a s  no apparent connection 
with so l a r  rotlation, t h e  assumption may be advanced t h a t  t he  var ia t ions  
discussed a re  not r e l a t ed  t o  so l a r  ro ta t ion ,  but  a re  caused by t h e  same 
mechanism as t h e  1 1 - y e a  i n t e n s i t y  var ia t ions  of cosmic rays.  It must be 
assumed t h a t  t he  i n t e n s i t y  increase of cosmic rays does not occur monoton
i c a l l y  as so la r  a c t i v i t y  decreases, but  i s  accompanied by short  increases 
and decreases r e l a t ed  t o  t h e  change i n  t h e  conditions of cosmic ray propa
gation, or t o  t h e  change i n  t h e  s i z e  of t h e  region of e f f ec t ive  cosmic ray 
sca t t e r ing  on t h e  sca le  of t h e  s o l a r  system. 
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STLTDY OF COSMIC RAYS DURING FLIGHTS O F  
SPACECRAFTS-SATELLITES AND THE "KOSMOS" AES 

R. N. Vasilova, V. Ye.  Nesterov, N. F. Pisarenko, 
I. A. Savenko, P. I. Shavrin 

I n  severa l  of t he  "Kosmos" s a t e l l i t e s  individual  STS-5 gas d i s 
charge counters, which were of t h e  same type and were designed t o  mea
sure charged p a r t i c l e  streams, were ca r r i ed  within t h e  s a t e l l i t e s  under 
i d e n t i c a l  conditions.  It w a s  previously shown ( R e f .  1) t h a t  t he  cont r i 
but ion from rad ia t ion  zone p a r t i c l e s  t o  t h e  STS-5 recording rate w a s  not 
s ign i f icant  a t  any point,  except f o r  t h e  Brazi l ian magnetic anomaly. 
Thus, t he  recording w a s  due t o  primary cosmic rays,  secondary p a r t i c l e s  
(atmospheric albedo), and p a r t i c l e s  r e s u l t i n g  from cosmic ray mult ipl ica
t i o n  i n  the  s a t e l l i t e .  

This made it possible  t o  employ t h e  STS-5 counter recording r a t e  t o  
study time va r i a t ions  i n  the  cosmic rays, and t o  determine the  pos i t ion  
of t he  cosmic r ay  equator. 

Cosmic r ay  i n t e n s i ~changes b&ween -Augpst,, 1960 and April, 1963. 
The Table below presents  t h e - s a t e l l i t e s  carrying t h e  STS-5 counters, and /507
gives t h e i r  o r b i t a l  parameters and measurement times. 

Perigee Apogee Measure- TS -5 Recording Rate 
Alt i tude,  Llti tude ment t High- Is;ti t u d i n a lFSate l l i t e  

Second spacecraf t  -
s a t e l l i t e  . . . . 

Third spacecraf t -
s a t e l l i t e  . . . . 

Kosmos-4". . . . . 
"KosmoS-911. . . . . 
nKosmos-12'' . . . . 
"KOS~OS-15''. . . . 

km km 


. 

306 339 


187 256 

298 330 

301 358 

211 405 

173 371 


Time lateau,  
imp-em-2 -see-1 

8/19/60 


12/1/60 

4/26-29/62 

)/27-10/1/62 

2/22-30/62 

4/22-27/63 


3.25 * 0.15 
3.25 f 0.15 
4.44 f 0.05 
4.44 * 0.17 
4.08 f 0.25 
4.26 f 0.14 

Figure 1 shows the  dependence of t he  STS-5 counter recording r a t e  on 
the  magnetic hardness threshold for a l l  s a t e l l i t e s  l i s t e d  i n  the  Table. 

The magnetic hardness threshold w a s  determined according t o  Queriby
and Wenk (Ref. ,2)f o r  t he  surface of t h e  Earth, and w a s  converted t o  the  
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Dependence of Cosmic Ray In t ens i ty  on h r d n e s s  

Threshold f o r  Second and Third Spacecraf ts-Satel l i tes  


and t h e  Sate llite s lfKosmos-4", "KO smos -9", "Ko smos-l2", and "KOsmos -15 

1 - Second spacec ra f t - sa t e l l i t e ;  2 - t h i r d  spacec ra f t - sa t e l l i t e ;
3 - ffKosmos-9"; 5 - "Kosmos-E"; 6 - 1 ' K ~ ~ m ~ ~ - 1 5 n .  

a l t i t u d e  of t h e  s a t e l l i t e ' s  f l i g h t  by the  formula 

where Po i s  the  threshold hardness on the surface of the  Earth i n  Bev/s; 
ph - threshold hardness a t  the  a l t i t u d e  h i n  Bev/s; re - radius  of t h e  
Earth i n  h;h - s a t e l l i t e  a l t i t u d e  above the  surface of t he  Ea,rth i n  km. 
Since the  counters were not completely i d e n t i c a l  and t h e i r  opera,tion w a s  
not control led during t h e  f l i g h t ,  we made use of t h e  f a c t  t h a t  cosmic ra,y 
in t ens i ty  did not change.in the  pre-equator ia l  region throughout t h e  /509 
period of so l a r  a c t i v i t y ,  i n  order t o  determine t h e i r  r e l a t i v e  eff ic iency.  
A l l  of t he  counters were compared with t h e  counter car r ied  on t h e  s a t e l 
l i t e  11K~smos-4". 

The Table presents  t h e  STS-5 counter recording r a t e s  on d i f f e ren t  
s a t e l l i t e s ,  with allowance f o r  counter differences.  They a r e  reduced t o  
an a l t i t u d e  of 300 lan. 

The last column of t h i s  Table gives the  STS-5 recording r a t e s  on the  
h igh- la t i tud ina l  plateau. The recording r a t e  increased from 3.25 i n  
December, 1960 t o  4.44 imp-cm-2 *see-' i n  April,  1962, and it then remained 
on t h i s  l e v e l  u n t i l  April,  1963. Figure 2 gives t h e  time behavior of 
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Figure 2 

Time Behavior of Cosmic Ray In t ens i ty  on the  
High-Latitudinal Plateau 

1 - "Explorer-7"; 2 - s t ra tosphere  measurements 
of A. N. Charakhch'yan and coworkers; 3 - Measure
ments on spacec ra f t s - sa t e l l i t e s  and spacecraf ts  
"Kosmos-4 ; 4 - "Kosmos-9 If, "KO smos-12' I ,  "KO smos-15 
The v e r t i c a l  c r i ss -c ross  cross  sec t ion  ind ica tes  e r ror .  

cosmic ray  i n t e n s i t y  on t h e  h igh - l a t i t ud ina l  pleateau based on measurements 
performed on s a t e l l i t e s  and on sounding balloons.  According t o  the  s a t e l 
l i t e s  and sounding balloons,  t he  cosmic r ay  i n t e n s i t y  was assumed t o  be one 
between August-December, 1960. Sake l l i t e  da t a  between 1959-1960 were 
obtained on ftExplorer-7r' (Ref. 3), and these  da ta  were averaged over t h i s  
period, with the  exception of magnetically perturbed periods.  The crosses 
indicate  the  measurement periods on t h e  spacec ra f t s - sa t e l l i t e s  and on the  
s a t e l l i t e s  rrK~smos-4,9, 12, 15". With t h e  exception of "Kosmos-12", a l l  
these s a t e l l i t e s  flew during magnetically quie t  periods.  The heavy so l id  l i n e  
gives the  recording r a t e s  of one counter i n  t h e  s t ra tosphere (Ref. 4). 

2. Spectrum ofAddLtcional r&di&ion par_t_icles. It can be seen from 
Figure 2 t h a t  between 1960 and 1962 the re  were p a r t i c l e s  with a s m a l l  
impulse. By subtract ing the  curve per ta in ing  t o  spacec ra f t s - sa t e l l i t e s  
from t h e  curve per ta in ing  t o  "Kosmos-4", one can o'btain the  i n t e g r a l  
hardness spectrum of addi t iona l  rad ia t ion .  It i s  shown i n  Figure 3, a. 

This same f igu re  gives t h e  i n t e g r a l  spectrum of addi t iona l  rad ia t ion  
based on da ta  from 'fK~smos-17" (Ref. 5) and from stratosphere measurements 
(Ref. 4 ) .  It can be seen from t h e  f igu re  t h a t  t h e  s a t e l l i t e  da ta  c lose ly  
coincide, but d i f f e r  from the  s t ra tosphere data. 

Figure 3,'b gives a rough p ic ture  of t h e ' d i f f e r e n t i a l  spectrum. It can 
be seen t h a t  p a r t i c l e s  appeared i n  the  energy range of 0.25-3 Bev. Generally 
speaking, t h i s  spectrum must be d i s t o r t e d  by mul t ip l ica t ion  i n  the  s a t e l l i t e  
mass. However, a comparison with t h e  same spectrum obtained by comparing 
the  gas discharge counter recording r a t e s  on the  s a t e l l i t e s  ffK0smos-17'fand 
"Explorer-7" (Ref. 5)  shows t h a t  t h e  spec t ra  c lose ly  coincide. This 
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Figure 3 

I n t e g r a l  Hardness Spectrum of Additional Cosmic 
Radiation (a) Appearing Between August, 1960, and 
April ,  1962. (1- comparison of "Kosmos-4" with 
Spacecraf t s -Sa te l l i t es ;  2 - comparison of t'K~smos-l.7" 
with "Explorer-7"; 3 - Stratosphere data) ,  and B i f f e r 
e n t i a 1  Spectrum (b) 3ased on D.ata from t h e  "Spacecrafts-
Sa te llite s and "KOs m o s  -4I t  . 

i nd ica t e s  t h a t  mu l t ip l i ca t ion  and aksorption are of 20 importance i n  t h i s  
energy range. 

B r i e f  conclusions. The above d a t a ,  derived f r o m  measuring t h e  t i m e  
va r i a t ions  of cosmic rays  on s a t e l l i t e s  and from measuring the  cosmic 
ray equator, ind ica te  t h a t  such a simple and r e l i a b l e  instrument as the  
gas discharge counter, when ca r r i ed  on a sa t e l l i t e ,  can monitor t h c  cosmic 
r ay  in t ens i ty .  
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IiECOrCDING COSMIC RAYS ON THE "KOSMOS-17"AFS 
(Summary) 

S. I. Av.dyushin, R. M. Kogan, M. N. Nazarova, 
N. K. Pereyaslova, I. Ye. Petrenko, P. M. Svidskiy 

The cosmic rad ia t ion  i n t e n s i t y  w a s  measured outs ide of t he  radia- / 5 l O
t i o n  zones of t h e  Earth at a l t i t u d e s  of 260-780 km by s c i n t i l l a t i o n  and 
Geiger counters i n  May, 1963. The de tec tor  shielding ar : le w a s  
;In- 1 g-cm -2 Al; i n  t he  remaining port ion of t' : ~ l i dangle,- 20-25 g*cm-2 . 

The dependence of t h  rad ia t ion  i n t e m i t y  on the  invari?: '  coordi
nate  L was obtained. With a change i n  L, t h e  charged a r t i c l e  flux 
recorded by the  counters changed from 0.5 par t ic le -em-g-see-' i n  t he  
equator ia l  region t o  3.0 particle=cm-"-sec-1 at high l a t i t udes .  The f lux  
of gamma-quanta i n  the  energy range between 0.1-3 Mev changed from 9 t o  

-222 quanta-em *see-'. 

The boundary of t he  h igh - l a t i t ud ina l  plateau of cosmic ray  in t ens i ty  
l ay  a t  L = 3.0. A comparison with da ta  from "Explorer-17" (1959) points  
to an enrichment of t h e  cosmic ray spectrum i n  the  0.9-1.5Bev range. 
The cosmic ray  equator conpiled f o r  a l t i t u d e s  of 400-600 km barely d i f f e r s  
from the  equator f o r  a l t i t u d e s  of 200-300 km, based on da ta  from ~ 1 K ~ s m o s - 7 1 '  
and others .  

A system of f i v e  s c i n t i l l a t i o n  counters and four  Geiger counters, 
included i n  a coincidence c t r c u i t  of d i f f e r e n t  m u l t i p l i c i t y  was used t o  
record showers, which were produced when the  cosmic p a r t i c l e s  in te rac ted  
with the  s a t e l l i t e  mater ia l  and which had divergence angles of more than 
60" and a p a r t i c l e  densi ty  of n 2 10-2particle-cm-2 a t  t h e  measurement 
point .  

ValLes were obtained f o r  t he  recording r a t e  of t h e  three- ,  four-, 
and f ive- fo ld  coincidences i n  the  s c i n t i l l a t i o n  counters; t he  three-
and four-fold coincidences in the  Geiger counters, and a l s o  the  mixed 
coincidences of  6 mul t ip l i c i ty  ( three  Geiger counters and four s c i n t i l 
l a t i o n  counters)o All of t h e  experimental da ta  can agree, i f  it i s  
assumed t h a t  t h e  shower d i s t r ibu t ion  with respect  t o  t he  p a r t i c l e  densi ty  
n (gamma quanta. and charged p a r t i c l e s )  has t h e  form f (n)dn  = AemXndn, 
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w?iere A = 1.3*102cm-a-sec-1, X - z  26 cm". The r a t i o  between the  number of 
gamma qimata and t h e  riimber of charged p a r t i c l e s  does not depend on n, 
and i s  a 11.3. 

The f a c t  t h a t  a number of showers do not have a l a t i t u d i n a l  behavior 
ind ica tes  t h a t  t he  showers recorded a r e  pr imari ly  generated by p a r t i c l e s  
with energies g rea t e r  than 30 Bev. A t  t h e  same t i m e ,  t he  t o t a l  number of 
recorded showers ind ica tes  t h a t  the  e n e r a  threshold f o r  t h e i r  generation 
does not exceed 60 &v. 

When the  showers are recorded, t h e  spectrum of energ2r l i be ra t ion  i n  
the  s c i n t i l l a t i o n  de tec to r  y i e lds  the  mean energy of gamma quanta i n  t h e  
shower composition E, >- 4.6 Mev. Under the  condition t h a t  t h e  contribu
t i o n  made by t h e  showers comprises 0.3 of t h e  t o t a l  recording rate of a 
s ingle  Geiger counter, a comparison of t h e  recording r a t e s  f o r  de tec tors  
having a d i f f e r e n t  surface y i e l d s  an estimate of t h e  p a r t i c l e  dens i ty  
n = 0.01 f o r  t h e  equa to r i a l  region, t h e  number of showers 
Ns = 15 showers-cm-2.sec -1, and t h e  separztion angle of p a r t i c l e s  i n  t h e  
shower 8 =z 15-20". Thus, i n  t h i s  case we a re  deal ing with f a i r l y  diverging 
showers. 

I O N I Z I N G  RADIATIOlY INTENSITY BASED ON MEASUml'jTS ON "ZOND-1" /511 

( Summary) 

S. I. Avdyushin, N. K. Pereyaslova, I. Ye. Petrenko 

When cosmic ray i n t e n s i t i e s  a re  measured at grea t  dis tances  from the 
E a r t h ,  t h e  e f fec t  of shielding, albedo froin t h e  atmosphere, and t h e  magnetic 
f i e l d  of t he  E a r t h  i s  completely excluded. The magnetic f i e l d  has a p a r t i 
cu la r ly  strong influence on t he  low-energy component of cosmic rays, whose 
va r i a t ion  i s  connected w i t h  magnetic f i e l d  changes i n  the  so l a r  system and 
with the  so l a r  a c t i v i t y .  

The present  repor t  gives t h e  r e s u l t s  derived from measuring cosmic 
rad ia t ion  i n t e n s i t y  beyond the  Earth 's  magnetosphere on the  space s t a t i o n  
"Zond- 1". 

A device designed t o  measure t h e  i n t e n s i t y  w a s  c a r r i ed  within the  
space s t a t ion ,  c lose t o  i t s  frame, behind a shielding of - 10 g-cm-'. The 
thickness  of t h e  shielding l a  e r  w a s  not t h e  same on both s ides;  t he  m a x i 
mum thickness  was - 1.50 g-em-$ . Eight STS-5 Geigercounters represented 
the  ionizing r ad ia t ion  de tec tors .  The counters were arranged so t h a t  one 
c e n t r a l  counter w a s  shielded by t h e  others .  The block diagram of t h e  
equipment i s  shown i n  t h e  f igure .  The equipment recorded t h e  t o t a l  inten
s i t y  of t h e  shielding counter2 recording, t h e  number of anti-coincidences, 
and t h e  number of coincidences between the  c e n t r a l  counter and any of t h e  
s i i ia ldirg counters.  The t o t a l  rad ia t ion  f lux  recorded by  t h e  de tec tor  w a s  
3.37 f 0.40 em -2 asec-l. 



- - - - 
7 STS-5 -counter 

L-----L---TJ--2 

Block Diagram of t h e  Equipmei-ct 

1 - Counter Vnit;. 2 - Coinciden(;e (CC) and anti-coincidence 
(CAI Unit .; 3 - Conversion 1J2i'c .; 4 - Logarithmic intensimeter Unit (LI)

( P  = preamplifier;  BxKl,2 
= threshold discriminator ; IC = logarithmic converter)  

The Table below presents  t h e  r e s u l t s  derived from measuring a f l u x  of 
cosmic rays, obtained a t  d i f f e ren t  times on d i f f e r e n t  space vehicles.  

It can be seen from the  r e s u l t s  presented i n  the  Table t h a t  t he  f lux,  
obtained on "Zond-l", w a s  approximately 25% l e s s  than the  f lux  obtained on 
t h e  space s t a t i o n s  "Mars-1" and "Luna-4", although it w a s  comparable with 
t h e  f lux  measured on "Mariner-2". There was a considerable increase i n  
t h e  cosmic ray  f lux  as compared with 1959 (first and second space rocketsP 
which coincides with t h e  cosmic rad ia t ion  i n t e n s i t y  change as a f'unction of 
t he  s o l a r  a c t i v i t y  change in  the  11-year cycle. 

-~ - . . -

Measurement time, 
year from 

Sun, a.u. g cm-2 
- -~ -

~~ 
_. 

1959 -1 -1 2.38io.1 

Distance Shielding, 

1962 0.7 < 1  3.2030.024 

1962 1-1-24 -1 4.5iO.l 

1963 1 -1 4.45iO. 1 

1964 0.97 ;L 10 3.3739-40 

Space Vehicle 

First and second 
space rockets 
(Ref. 1, 2)  

"Mariner-2'' (Ref. 3) 
"Mars-1" (Ref. 4) 
"Luna-4" (Ref. 4 )  
"Zond-1" 



A more de t a i l ed  comparison of t h e  r e s u l t s  obtained by “Zond-1’’ and 
t h e  other. r e s u l t s  given i n  t h e  Table i s  rendered more d i f f i c u l t  by t h e  
s ign i f icant  difference i n  the  rad ia t ion  de tec tor  shieldings -

The number of anti-coincidences w a s  a l s o  obtained i n  t h i s  experiment 
The anti-coincidence recording r a t e  (reduced t o  u n i t  of counter surface) 
w a s  1.3 f 0.2 cm-2*sec-10 An analysis  of t h e  data,  which takes  in to  
account t h e  magnitude of t h e  t o t a l  recording r a t e ,  t h e  anti-coincidence 
recording r a t e ,  and t h e  de tec tor  geometry, shows t h a t  an overwhelming 
port ion o f , t h e  anti-coincidences recorded i s  caused by gamma quanta with 
energies of 5 1Mev. The gamma quanta a re  apparently formed when primary 
cosmic p a r t i c l e s  i n t e r a c t  with t h e  s t a t i o n  mater ia l .  The lack of da ta  on 
t h e  spec t r a l  d i s t r i b u t i o n  of t h e  gamma quanta recorded makes it impossible 
t o  determine t h e  gamma rad ia t ion  flux with su f f i c i en t  accuracyo However, 
it can be s t a t ed  t h a t  t h i s  flux i s  severa l  t e n s  of quanta per  1cm”, s ince 
t h e  e f f ic iency  of t h e  G i g e r  counters i s  -1%in t h e  energy range of gamma 
rad ia t ion  under consideration. 

Data on t h e  number of anti-coincidences a l so  ind ica te  t h a t  t h e  
charged p a r t i c l e  flux, determined from t h e  recording r a t e  of a s ingle  
Geiger counter, can be overestimated due t o  gamma radiat ion.  If t h e  
anti-coincidence recording r a t e  i s  taken i n t o  account, we then obtain a 
quant i ty  of 2 .1  f 0.6 particle.cm-”-sec-l  f o r  t h e  charged p a r t i c l e  f lux .  

I n  conclusion, we would l i k e  t o  point  out t h a t  t h e  e r ro r  en ta i led  
in these  values, which is  large as compared with da ta  given by other  
authors, i s  pr imari ly  due t o  in su f f i c i en t  s t a t i s t i c a l  readings because 
of t h e  s m a l l  measurement period. 
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EFFECTS O F  SOLAR AND GEOPHYSICAL PHEXOMENA IN PRIMARY 
BADIATION, RECORDED BY EQUIPMENT ON THE AEI!IFICLAL 

EARTH SATELLITE "KOSMOS- 19" 

(Summary1 
Yu. G. Shafer, B. M. Kuzhevskiy, 

A. G. Kulagin, N. G. Skryabin 

/513 
The study presents  t h e  r e s u l t s  der ived from analyzing experimental 

material obtained on t h e  art  if i c i a l  Earth sa te l l i t e  "Kosmos-19'' during 
t h e  period of minimum s o l a r  a c t i v i t y  between-July 6 and December 31, 
1963, f o r  a magnetic hardness threshold of 3.5 Bev a t  an a l t i t u d e  o f ,  
350-450 hm-

The equipment developed f o r  measuring cosmic r ay  i n t e n s i t y  con
s i s t e d  of an ion iza t ion  chamber of an unshielded and shielded gas d i s 
charge counter and a counter te lescope.  

1. The 27-day s a r i a t i o n s  i n  cosmic r ay  i n t e n s i t y  were s tudied i n  
t h i s  period by periodogram analys is .  It w a s  found t h a t  during minimum 
s o l a r  a c t i v i t y  t h e  cosmic ray in t ens i ty ,  with a magnetic hardness of 
more than 3.5 Bev, does not undergo 27-day va r i a t ions .  This coincides 
with the  r e s u l t s  obtained by equipment on t h e  Earth and obtained by 
bal loons (Ref. 1). 

2 0  During very powerful magnetic storms from August 17-27, t h e  
equipment ca r r i ed  on t h e  s a t e l l i t e  ind ica ted  a sharp decrease i n  the 
recording r a t e  (Forbush e f f e c t ) .  The magnitude of t h e  e f f e c t  was 8% 
based on d a t a  from the  shielded counter, and 9.2% based on d a t a  from 
t h e  unshielded counter. The Forbush e f f e c t  w a s  observed simultaneously 
by a neutron monitor a t  Yakutsk and a t  t he  Resolute s t a t ion .  It should , 

be noted t h a t  t h e  e f f e c t  of a magnetic storm on t h e  cosmic r ay  i n t e n s i t y  
recorded by t h e  equipment on t h e  s a t e l l i t e  w a s  t h e  same as t h a t  recorded 
by equipment on t h e  Earth- The beginning and durat ion of t h e  phenomenon 
coincide with s i m i l a r  phenomena on t h e  surface of t h e  Earth. 

3. An increase i n  t h e  recording rate,  as compared with mean monthly 
data ,  w a s  noted by three devices (mshie lded  counter, shielded counter, 
and counter te lescope)  w a s  observed between August 12-21. The phenomenon 
increased t h e  s t a t i s t i c a l  e r r o r  by a f a c t o r  of 5-10. 

The recording r a t e  increase w a s  noted 10-13 hours a f t e r  chromo
sphere f lares were observed on the  Sun. Assuming thak t h e  e f f e c t  upon 
cosmic ray  i n t e n s i t y  i s  relaked t o  s o l a r  pa.r t ic les ,  one can determine 
the  corpuscular stream ve loc i ty .  It i s  3200-4200 km-sec-l ( R e f .  2 ) .  

4. An equal  i n t e n s i t y  l i n e  was compiled based on da ta  from the  
equipment on t h e  s a t e l l i t e .  A comparison with equal i n t e n s i t y  l i n e s  
obtained i n  (Ref .  3) shows t h a t  t he re  w a s  an i n t e n s i t y  increase of 3% 



'between 1957 and 1963. The mean quadratic e r r o r  of t h e  r e s u l t  i s  no 
grea te r  than 2%. Such a small.cosmic ray  in t ens i ty  change during t h i s  
period is  r e l a t e d  t o  t h e  large threshold hardness of t h e  p a r t i c l e s  
recorded. 
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FESULTS DERIVED FROM STUDYING TKE COSMIC RAY NUCLEAR 
C 0 " E X L '  ON THE SATELLITE "ELEKTRON-2" 

Y a .  L. Blokh, L. Ti. Dorman, L. V. Kurnosova, 
V. I. Logachev, G. F. Platonov, L. A. Razorenov, 

V. G. Sin i t s ina ,  A. A. Suslov, M. I. Fradkin 

The purpose of s tud ies  on the  nuclear component of primary cosmic /514 
rays, which were performed on the  s a t e l l i t e  "Elektron-2", w a s  t o  observe 
d i f f e ren t  groups of nuclei  streams f o r  a long period of time, and t o  
determine t h e i r  changes as a function of so l a r  a c t i v i t y  during the  
In te rna t iona l  Quiet  Sun Year. The s a t e l l i t e  "Elektron-2" was located a t  
great dis tances  from the  Earth f o r  a s igni f icant  amount of time. This 
made it possible  t o  measure t h e  f luxes under conditions when the  Earth 's  
magnetic f i e l d  had no e f f ec t  on t h e i r  magnitude. 

The equipment used consisted of two recorder un i t s :  A power t rans
former and s t a b i l i z e r  un i t  and a radioelectronic  u n i t .  One o f  t he  
recorder u n i t s  w a s  located on the  outs ide of the  s a t e l l i t e ,  d i r e c t l y  i n  
cosmic space; the  o ther  w a s  located within the  s a t e l l i t e  frame. The 
outer  recorder u n i t  contained a Cherenkov and a s c i n t i l l a t i o n  counter. 
The Cherenkov counter of t h e  outer  un i t  recorded nuclei  with Z 2 2 and 
very heavy nucle i  with a charge of about 30. h addition, nuc le i  with 
Z >, 2 were recorded by a "telescope" which w a s  formed by t h e  Cherenkov 
cuunters and the  s c i n t i l l a t i o n  counters of t h e  outer  u n i t .  The Cherenkov 
counter, which w a s  located i n  t h e  inner un i t ,  recorded nuclei  with 
Z >, 2, 2 5, 2 15. Both t h e  i n t e g r a l  Cherenkov counters and the  telescope 
recorded cosmic ray  nuc le i  with energies of >z 600 Mev/nucleon. The inner  
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Figure 1 


Outer Recorder Unit 


counter was shielded by  a layer  of about 1.5 g.cm-2. Both de tec tors  of 
t h e  outer  u n i t  were shielded by an aluminum laye r  of  - 0.6 g.cm-2. 
Figure 1 shows a photograph of t h e  outer  recorder  u n i t .  Figure 2 gives 
the  arrangement of t h e  de t ec to r s  i n  the  u n i t .  The inner  u n i t  containing 
t h e  Cherenkov counter and t h e  e l ec t ron ic  systems per ta in ing  t o  it i s  
shown i n  Figure 3 .  

The power supply f o r  t h e  equipment came from a s o l a r  b a t t e r y  on 
board t h e  sa te l l i t e  through t h e  transformer and s t a b i l i z e r .  The power 
transformer u n i t  (Figure 4) and t h e  rad ioe lec t ronic  u n i t  of t h e  outer  
recorder were located within t h e  s a t e l l i t e  frame, where a f a i r l y  s t ab le  
temperature regime could be ensured. 

151-5 


Figures 5 and 6 show t h e  p r inc ipa l  c i r c u i t s  of t he  outer  and inner  
recorder u n i t s .  Figure 7 shows t h e  c i r c u i t  of t he  outer  recorder e lec
t r o n i c  u n i t .  The counters were ca l ib ra t ed  with t h e  impulse created by 
a s ingly  charged p a r t i c l e  passing through t h e  de tec tor .  I t s  magnitude 
w a s  determined by recording, under laboratory conditions,  t h e  amplitude 
d i s t r i b u t i o n  curve of impulses produced by cosmic r ay  p a r t i c l e s .  The 
thresholds  i n  d i f f e r e n t  channels were es tab l i shed  i n  accordance with t h e  
magnitude obtained f o r  t h e  mean impulse c rea ted  by a s ingly  charged p a r t i 
c le .  The dependence of t h e  thresholds  on temperature w a s  measured i n  a 
very wide range before  t h e  equipment was placed on t h e  s a t e l l i t e .  

Ver i f ica t ion  of t h e  counter l i n e a r i t y  i s  of very grea t  importance. 
SLnce t h e  range, where the  mul t ip l i e r  i n t e n s i f i e s  t h e  input impulse ampli
tude l i nea r ly ,  can depend on the  durat ion of t h i s  impulse, t h e  l i n e a r i t y  
of theZM* must be v e r i f i e d  f o r  f a i r l y  shor t  l i g h t  impulses. B r i e f  
f l a shes  can be obtained by u t i l i z i n g ,  f o r  example, a diode on a s i l i c o n  
carbide base. 

-

* Note: 
. . - - ... -- . .- . -_ 

PEM designates  Photoelectron Mul t ip l ie r .  
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Figure 2 

Detector Arrangement i n  Outer Unit 

I n  view of t h e  f a c t  t h a t  t he  Cherenkov counter had t o  record nuc le i  
i n  a large range Z, t h e  l i g h t  character is t i -cs  of t h e  �'EM-35 were recorded. 
There was a change i n  the  dependence of , t he  e l e c t r i c  impulse magnitude a t  
t h e  anode on the  magnitude of t h e  f l a s h ,  which would correspond t o  f l a shes  
produced by nuc le i  from Z = 4 t o  Z = 21 passing through t h e  counter. A 
s i m i l a r  dependence w a s  recorded f o r  t he  seventh dynode, which corresponds t o  
6 i z  $28. 

The r a t i o  between t h e  impulse magnitude a t  t he  anode and t h e  impulse 
magnitude at t h e  dynode was determined from the data obtained. 

When t h e  c h a r a c t e r i s t i c s  were recorded, a diode w i t h  a c i r c u l a r  con
t a c t  on a s i l i c o n  carbide base 'S ic  w a s  used as the  l i g h t  source (Figure 8) .  
The e l e c t r i c  impulse a t  t h e  diode w a s  supplied from a short-impulse genera
t o r  at the  hydrogen thyra t ron  T G I  1-50/5. The generator made it possible  
t o  obtain impulses having an amplitude between 100-2000 v, with a durat ion 
of 30-100nsec. The l i g h t  diode w a s  located d i r e c t l y  at the  photocath
ode. 

/516 

Figure 3 

Inner Block Containing Cherenkov Counter 
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Figure 4 

Unit of Power Transformers and S t a b i l i z e r s  (Without a Cover) 

Figure 9 shows the  dependence of t h e  impulse amplitude at the  anode 
(curves 1and 2) and a t  t h e  dynode (curves 3 and 4) of t h e  PEK-35 on t h e  
magnitude of t he  f l a sh .  Curves 1and 3 pe r t a in  t o  a f l a s h  durat ion of 
100 nsec; curves 2 and 4 per t a in  t o  a durat ion of 30 nsec. Deviation of 
curve 1from the  l i n e a r i t y  w a s  due t o  �!EM sa tura t ion .  Curves 2 and 4 a re  
l i n e a r  throughout t he  e n t i r e  f l a s h  region studied. The curves were C a l i 
brated with the  impulse created by cosmic p-mesons (40 mv). It can be 
seen from curve 1t h a t  t he  �!EM i s  l i n e a r  up t o  Z = 21. Point A, represent
ing t h e  m a x i m u m  f l a s h  durat ion of 30 Qsec,  corresponds t o  Z = 15. 

U t i l i z ing  the  da ta  given i n  Figure 9, one can obtain t h e  dependence 
of t h e  impulse amplitude r a t i o  at t he  anode t o  t h e  impulse amplitude at 
t h e  dynode on t h e  magnitude of t h e  f l a sh .  'The mean value of t h i s  r a t i o  i s  
32. We can thus estimate the  impulse magnitude at t h e  seventh P E M  dynode 
from cosmic p-mesons, and can c a l i b r a t e  t h e  dynode curves. The estimates /518 
show t h a t  point  B on the  dynode curve 3 (Figure 9) corresponds t o  Z = 28, 
and t h e  point  C on curve 4 corresponds t o  Z = 8. 

The e f f e c t i v e  geometric f a c t o r  (luminosity) of t h e  i n t e g r a l  Cherenkov 
counter can be calculated from d e f i n i t e  assumptions (Ref. 1). The magni
tude of t h e  geometric f a c t o r  depends on i t s  dimensions and t h e  magnitude 
of t h e  threshold establ ished.  The computation w a s  performed f o r  p a r t i c l e s

I!coming from t h e  upper" half-space. The geometric f ac to r  of  t h e  inner  
i n t e g r a l  Cherenkov counter f o r  recording nuclei  with Z >, 2,>, 5 and 2 1 5  
w a s ,  respectively,  26, 30, and 33 cm"=sterad. As  has already been indi
cated, t h e  s a t e l l i t e  "Elektron-2" car r ied  a te lescope consis t ing of a 
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Figure 5 

P r inc ipa l  E lec t r i c  C i rcu i t  of Outer Recorder Unit (A)
B1 and Ba - outputs  from c o l l e c t o r  and dynode of Cherenkov counter photo
mul t ip l ie r ;  B3 - output from c o l l e c t o r  of s c i n t i l l a t i o n  counter photomul
t i p l i e r  . 

Cherenkov and s c i n t i l l a t i o n  counter.  The geometric f a c t o r  of t h i s  
te lescope can be computed. 

If the  te lescope i s  b u i l t  with two d i s c s  with r a d i i  of R1 and R2, 
whose centers  l i e  on one axis which i s  perpendicular t o  the  plane of t h e  
d iscs ,  and t h e  d is tance  between t h e  d i s c s  i s  r, t h e  geometric f a c t o r  can 
be ca lcu la ted  by elementary in tegra t ion .  

I n  t h i s  case, we have 

Since t h e  te lescope  i s  a c t u a l l y  b u i l t  with two de tec tors ,  whose dimen
sions a re  commensurate with t h e  d is tance  between them (and even exceeds 
it), when r i s  computed allowance must be made f o r  t h e i r  dimensions and 
t h e  d i f fe rence  between t h e  pa ths  t raversed  i n  each of t h e  de t ec to r s  by 
p a r t i c l e s  f a l l i n g  a t  d i f f e r e n t  angles t o  t h e  te lescope ' s  ax is .  Allow
ance must also be made for t h e  s c a t t e r  of t h e  impulse magnitude, caused 
by t h e  d i f f e rence  between p a r t i c l e  v e l o c i t i e s  and by t h e  presence of an 
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- -  

I 1  I 
II Z*Z - 1  

P preamplifier;  a - amplifier;  T - . t r igger;  
t threshold discr iminator ;  d - d i g i t a l  amplif ier  

Figure 6 

Pr inc ipa l  Electron Circui t  of Inner Cherenkov Counter (r ) 
1 and 2 - outputs t o  recording channel of KCFfor nuc le i  with Z 31-5; 
3 and 4 - t h e  same f o r  nuclei  with Z 3 5 ;  5, 6, and 7 - t h e  same f o r  
nuclei  with Z >/ 2. 

amplitude d i s t r i b u t i o n  introduced by t h e  photomultiplier.  The form of t h e  
amplitude d i s t r i b u t i o n  i s  approximated by a Gaussian curve. It i s  thus 
found t h a t  t h e  geometric f ac to r  depends on t h e  threshold establ ished,  and 
s l i g h t l y  depends on t h e  halfwidth of t h e  d i s t r i b u t i o n  curves. 

A great  d e a l  of r i c h  information was obtained on streams of d i f f e ren t  
nuc le i  groups when t h e  equipment was i n  operation. Preliminary processing of 
da ta  from the  f i r s t  revolution of t h e  s a t e l l i t e  "Elektron-2" makes it 
possible  t o  compare t h e  f luxes  of d i f f e r e n t  nuc le i  groups, measured i n  1-959 
on t h e  second and t h i r d  space rockets, i n  1960 on spacecraf t s -sa te l l i t es ,  
and a t  t h e  end of 1962 on t h e  in te rp lane tary  s t a t i o n  "Ma,rs-lft,with these  
f luxes  during an extreme solar a c t i v i t y  minimum.. For heavy nuclei  with 
Z 315, t h i s  comparison has been made f o r  t h e  f i rs t  time wi th ' su f f i c i en t  
s t a t i s t i c a l  material. These da;ta point t o . a n  increase i n  t h e  f l u x e s . o f  a l l  
nuclei  groups by a f a c t o r  of 1.7-2. 

~Figure 10 shows t h e  r e l a t i v e  number of- -~ s o l a r  spots  character iz ing t h e  
~ 

*Note: RTS =-Radio Telemetry System 
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( s  - s c a l e r )  

Figure 7 
Principal  Ci rcu i t  of t h e  Electronic  Unit for t h e  Outer Recorder (B) 

E$. and Bz - input from co l l ec to r  and dynode of Cherenkov counter P E M ;  & -
input from co l l ec to r  of s c i n t i l l a t i o n  counter PEM; 1-3 - output t o  recording 
channel of �US for nucle i  with Z 3 2 ;  6, 7 - t h e  same for very heavy nuclei ;
4 and 5 - outputs t o  telescope recording channel �US.  

r--------- 1 .  
I 6ffU-4UUU v PK-19 I 

Figure 8 

Diagram For Recording �!EM Charac ter i s t ics  by Means of Light Diode 
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U, ,  . Magnitude of Flash, Rel. Units 

Figure 9 

Dependence of Impulse Amplitude at Anode (Curves 1 and 2) and 
Dynode (Curves 3 and 4) of the�'EM -35 on Magnitude of the Flash. 
Curves 1 and 3 pertain to a flash duration of 100 nsec, and 
curves 2 and 4 pertain to a duration of 30 nsec. 

4
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Figure 10 


Relative Number of Solar Spo-ts(Curve) and Magnitude of Nuclear 
Flux with Z>/2  During Different Years (Points) 

Data: 1 - Second space rocket; 2 - third spacecraft-satellite;
3 - interplanetary station "Mars-1"; 4 - the satellite "Elektron-2". 



m 
. . 

Figure 11 

Relative Number of Solar Spots (Curve) and Magnitude of Nuclei Fluxes 
With Z >, 5 (Dark Ci rc les )  and with Z 3 15 (Light Circles)  During 

Different  Years 

D a t a :  1 - second space rocket;  2 - t h e  s a t e l l i t e  "Elektron-2" 

so la r  ac t iv i ty ,  as wel l  as t h e  flux of nuclei  with Z >, 2 during d i f f e r e n t  
years. The mean monthly r e l a t i v e  number of so l a r  spots  (Wolf number) i s  
p lo t t ed  downward on t h e  l e f t  v e r t i c a l  scale;  t h e  f lux  of nuclei  with 
Z >, 2, pr imari ly  of a -pa r t i c l e s ,  i s  p lo t t ed  on the  r i g h t  v e r t i c a l  scale .  
Point 1r e f e r s  t o  measurements on t h e  second space rocket;  2 - t o  mea
surements on the  t h i r d  spacecraf t - sa te l l i t e ;  3 - t o  da t a  from the  i n t e r 
planetary s t a t i o n  "Maxs-ll'; 4 - t o  da t a  derived from processing r e s u l t s  
obtained an t h e  f i rs t  revolut ions of "Elektron-2". Points 3 and 4 per t a in  
t o  a period of minimum so la r  a c t i v i t y .  It can be seen from t h e  f igu re  
t h a t  t he re  i s  a negative cor re la t ion  between t h e  number of so l a r  spots  
and the  nuc le i  f lux.  

Points 1 and 4 were obtained with such s t a t i s t i c a l  accuracy t h a t  t h e  
e r ro r s  were overlapped by t h e  poin ts  i n  t h e  f igure.  The f a c t  t h a t  t h e  
measurements'were performed by recorders having t h e  same luminosity made 
it possible  t o  perform a r e l i a b l e  comparison of t h e  f luxes during d i f f e r 
ent  years. /521 

The r e l a t i v e  number of s o l a r  spots and t h e  f luxes  of nuc le i  with 
Z 3 5 and 2 15 are compared f o r  d i f f e ren t  years in  Figure 11. 
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Figure 12 . 
Dependence of Flux on Mean Effect ive Charge of Nuclei Recorded 

Zeff Between 1959-1962 (Sol id  Curve.) and During Minimum Solar Act ivi ty  
(Dashed =ne) 

Data: 1 - The s a t e l l i t e  "Elektron-2" (1964); 2 - interplanetary 
s t a t i o n  l l M a r s - l l '  (1962); 3 - second space rocket; 4 - t h i r d  space
c r a f t - s a t e l l i t e .  The dashed l i n e  ind ica tes  mean recording r a t e s  
pe r  revolution. 

The Table below presents  preliminary data' on.'fluxes obtained by t h e  
inner recorder on "Elektron-2" on one of t h e  revolutions.  These data a r e  
compared with t h e  f luxes  measured during o the r  f l i g h t s .  

Figure 12 shows t h e  dependence of t h e  f lux of t h e  mean ef fec t ive  
charge of t h e  nuc le i  recorded. The upward s h i f t  of a l l  curves during 
t h e  so l a r  minimum (data  from "Mars-1" and "Elektron-2."), as compared 
with i t s  pos i t ion  i n  1959-1960, can be c l e a r l y  seen. 

The generation of s o l a r  cosmic r ay  nuc le i  during chromosphere 
flares w a s  f i r s t  discovered during t h e  f l i g h t s  of t h e  Soviet space 
rockets and t h e  spacec ra f i s - sa t e l l i t e s  ( R e f .  2).  
vat ion of nuclei  fluxes, which w a s  performed by equipment car r ied  on 

The prolonged obser
/524 

The fluxes based on da ta  from "Elektron-2" and the  second space rocket 
were obtained 'by u t i l i z i n g  t h e  luminosit ies calculated on t h e  assump
t i o n  t h a t  t h e  Cherenkov counter recorded p a r t i c l e s  coming from the  
lea,ding hemisphere (see [Ref. 11). Allowance f o r  t h e  contribution made 
'by p a r t i c l e s  coming from t h e  t r a l l i n g  hemisphere increases  the- lumino
s i t y ,  which leads t o  a decrease i n  t h e  absolute values of t he  fluxes.  
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Figure l 3  

Dis t r ibu t ion  of Time In te rva ls  Between Counter Readings 
�or Nuclei With Z 3 15 According t o  the  Duration of  These In te rva ls  . 
The shaded area designates the  same d i s t r ibu t ion  compiled f o r  t h e  
period encompassing so la r  f l a r e s  and burs t s .  

y J I  -1  I - 1 I I -I 

E 5  22 23 24 I 2 3t,hours 

Figure 1 4  

An &ample of Simultaneous In t ens i ty  Increase for Nuclei 
With Z >/ 15 and Z 3 5, Recorded on February 11, 1964, 

at Zero Hours 42 Minutes. World Time. 
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Figure l 5  

Example of Brief In t ens i ty  Increase for Nuclei with Z 2.15 and Z 3 5, 
Recorded on Januairy 30r 1964. 

The dashed l i n e  designates mean recording r a t e s  per  revolution. The 
lower past of t h e  f igu re  shows a chromosphere f l a r e  of c l a s s  1 - (A)  
and a type 111 burst i n  t h e  20-42Mc range (B).  World Time. 
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Example of B r i e f  In t ens i ty  Increase f o r  Nuclei With 
Z 2 1.5, Recorded on January 31, 1964 at  22 Hours. World Time. 
Dashed l i n e  designates  mean value per revolut ion.  The lower 
sect ion of t h e  f igu re  shows t h e  recording r a t e  increase of t h e  
X-ray r ad ia t ion  counter with a berylium window, recorded during 
t h e  same f l i g h t .  

. -

Space Vehicle 

- .  . .. .  

"Elektron-2I' 

Second space rocke 

Third spacecraf t -
s a t e l l i t e .  & .- . 

"Mars-ll' . . . . . 

z 3 2  


343.4 f 1.4 18-3* 0.3 0.69 f 0.06 
150.6 f 1.3 10.6 f 0.3 0.4 f 0.05 

129.2 * 12.9 9.8 f 0.7 
333 f 21 
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t h e  s a t e l l i t e  "Elektron-2", revealed new da ta  on t h e  temporal changes 
in  t h e  in t ens i ty  of cosmic ray  generation during low so la r  ac t iv i ty .  

A t  t h e  present time, only a port ion of t h e  ma te r i a l  obtained has 
been processed, and therefore  t h e  da ta  presented a re  provis ional  i n  
nature  

A port ion of t h e  mater ia l  obtained w a s  processed s t a t i s t i c a l l y  
f o r  nuc le i  with Z 315. The d i s t r i b u t i o n  of t h e  time in te rva ls ,  during 
which t h e  recorder countedfbur n u c l ~ i ,w a s  compiled according to t h e  
i n t e r v a l  duration. 

Figure 1.3 shows t h i s  d i s t r i b u t i o n  by t h e  so l id ,  s tep- l ike  l i n e .  
The i n t e r v a l  durat ion i n  minutes i s  p lo t t ed  along t h e  abscissa  axis; 
t h e  number of observed in t e rva l s  having corresponding duration i s  
p lo t ted  along t h e  ordinate  axis .  The maximum of t hed i s t r ibu t ion  curve 
corresponds t o  t h e  mean i n t e r v a l  during which four  nuclei  a r e  recorded, 
i.e., t h e  mean in t ens i ty .  The curve width character izes  t h e  s t a t i s t i c a l  
s ca t t e r .  

n 

a,


% 
ffi 

n 

E 3 I2 13 /4 15 
t, hours 

Figure 17 

Example of Brief In t ens i ty  Increase f o r  Nuclei with Z ,>/ S5 
Dashed l i n e  - mean value per  revolution. The lower section 
shows chromosphere f l a r e s  of c l a s s  1-. The shaded sect ion 
designates f l a r e s  a r i s ing  i n  one and t h e  same region. 

World Time. 

Mater ia l  obtained approximately during the  observational months w a s  
employed to compile t h e  curve. A s i m i l a r  d i s t r i b u t i o n  was then compiled 
f o r  t h e  same mater ia l ,  which was obtained during so la r  f l a r e s  and burs t s .  
For t h i s  purpose, da t a  per ta ining t o  20-minute periods after t h e  beginn
ing of each f l a r e  or burst were summarized. Thirty-eight so l a r  f l a r e s  
and bursts were employed i n  a l l .  

-~ ... ... . . ._ _  



The d i s t r i b u t i o n  thus  obtained w a s  normalized t o  t h e  d i s t r ibu t ion  
fo r  a l l  of t h e  mater ia l  with respect  t o  t h e  times used i n  both cases 
(normalization f a c t o r  - 52) .  The dashed l i n e  i n  Figure 1-3 shows t h e  
d i s t r i b u t i o n  corresponding t o  t h e  period of an ac t ive  Sun. 

A s  can be seen from t h e  f igure,  t h e  form of both d i s t r ibu t ions  i s  
somewhat d i f f e ren t .  I n  t h e  case of d i s t r ibu t ion  per ta ining t o  t h e  
ac t ive  period, t he re  i s  a la rger  amount of short  t i m e  i n t e rva l s  than in 
t h e  case of t o t a l  d i s t r ibu t ion .  This corresponds t o  a b r i e f  i n t ens i ty  
increase i n  t h e  nuc le i  recorded during f l a r e s  and bursts. However, t h e  
difference between d i s t r i b u t i o n  curves i s  not very great,  s ince such 
i n t e n s i t y  increases  were far from being observed in a l l  t h e  f l a r e s .  

I n  order t o  determine the  probabi l i ty  of random divergence i n  t h e  
d i s t r ibu t ions  formulated, a s t a t i s t i c a l  analysis  w a s  performedo The 
Pearson c r i t e r i o n  made it possible  t o  r e j e c t  t h e  hypothesis of random 
divergence i n  t h e  form of t h e  d i s t r i b u t i o n  curves, with a probabi l i ty  
of no more than 15%er ro r .  The use of t h e  superposed-epoch method was 
rendered more d i f f i c u l t  by t h e  f a c t  t h a t  t h e  time of t h e  nuclei  inten
s i t y  increase can change i n  various ways with respect t o  t h e  beginning 
of t h e  so l a r  f l a r e  i n  d i f f e r e n t  cases. 

The f a c t  must a l so  be kept i n  mind t h a t  t h e  in t ens i ty  of ga lac t ic  
cosmic rays can decrease during t h e  f l a r e s .  A s ign i f icant  increase i n  
t h e  nuclei  i n t e n s i t y  during a c l a s s  1-f lare  i s  very unusual. It i s  
possible  t h a t  t h e  increases  a re  r e l a t e d  t o  other solar a c t i v i t y  phenom
ena ( f o r  example, t o  rapid processes o r  a spec ia l  type of burst). For 
purposes of i l l u s t r a t i o n ,  w e  s h a l l  present several  cases i n  which the re  
were b r i e f  increases  i n  t h e  recorded in t ens i ty  of heavy nuclei .  

Figure 14  shows an example of a simultai,,aus i n t e n s i t y  increase f o r  
nuclei  with Z >, 15 and 3 5 ,  recorded 00 hours 42 minon February 11a t  
u t e s  UT. The dashed l i n e  gives the  mean nuclei  recording r a t e s  per  
revolution. I n  .;;his case, t he  in t ens i ty  of nuclei  with Z 3 2  d id  not 
increase.  

The recorded in t ens i ty  of nuclei  with z> 15 increased by a f ac to r  
of approximately 5. However, due t o  the  comparatively s m a l l  luminosity 
of t h e  equipment, t h e  number of nuclei  recorded during t h e  increase w a s  
not much grea te r  than the  mean number during t h e  same period of time. 
Therefore, i n  t h i s  case t h e  increase may be explained by s t a t i s t i c a l  
f luc tua t ion  

/526 


Estimates have shown t h a t  about one such case may be expected during 
a period of time equal l ing t h e  t i m e  u t i l i z e d  i n  the  processing, due t o  
f luctuat ions.  

There i s  undoubtedly an increase i n  t h e  nuc le i  f lux,  i f  any solar 
a c t i v i t y  phenomena are recorded at t h c  same t i m e .  
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Figure 18 

Recording Rate Change f o r  Nuclei With Z 3 2  i n  t h e  
F i r s t  Half of February, 1964. 

Dashed l i n e  shows sect ions where no information was 
received, o r  where t h e  data has not ye t  been processed. 
For these  sections,  a recordine; rate i s  assumed which 
equals t h e  meam value f o r  two adjacent sections.  
a - nucle i  with Z 2.2 (%in > 600 Mev/nucleon); b - data 
from neutron monitor (Krasnaya Pakhra); c - data from 
neutron monitor ( C l i m a x ,  a l t i t u d e  of 3400 m);  d - nmber  
of so l a r  spots  . 
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Figure 15 shows such a case f o r  nuc le i  with Z >, 15 and 3 5, 
recorded on January 30, 1964 during a c l a s s  1- chromosphere f l a r e .  The 

/527 
f l a r e  w a s  accompanied by t h e  t h i r d  type of rad io  emission burs t  i n  t h e  
20-42 Me frequency range. 

I n  t h i s  case, a s t a t i s t i c a l  f l uc tua t ion  i n  t h e  number of nuc le i  
recorded can hardly b e  used as an explanation f o r  the increase.  Actually, 
t h e  probabi l i ty  for a random conformity between t h i s  increase and t h e  
t h i r d  type of rad io  emission burs t  i s  <2010-~.In  o ther  words, such a 
random agreement can only be expected during a period of time which ex
ceeds t h a t  employed i n  the experiment by a f a c t o r  of 50. 

Figure 16 shows t h e  case of a b r i e f  i n t e n s i t y  increase f o r  nuc le i  
with Z >, 1.5 recorded. on January 31, at 22 hours UT. 

According t o  measurement d a t a  i n  (Ref. '3), i n  t h e  same period 
the re  w a s  an increase i n  t h e  recording r a t e  of X-ray r ad ia t ion  
counters having berylium and aluminum windows. This increase l a s t e d  
about one hour. Data from t h e  counter with t h e  berylium window a r e  
presented i n  t h e  lower p a r t  of t h e  f igure .  The probabi l i ty  of such an 
increase i n  t h e  nuc le i  recorded in t ens i ty ,  caused by s t a t i s t i c a l  f l u c 
tua t ion ,  i s  such t h a t  only one case can be  expected throughout tlle 
e n t i r e  period of time u t i l i z e d  i n  t h e  experiment. 

However, t h e  agreement between the  phenomenon recorded and t h e  
i n t e n s i t y  increase i n  X-ray r ad ia t ion  compels us t o  conclude t h a t  i n  
t h i s  case the  increase i s  not random i n  nature,  but i s  r e l a t ed  t o  
so l a r  a c t i v i t y .  

Figure 17 shows an example of a b r i e f  i n t ens i ty  increase for 
nuclei  with Z 315, which i s  not accompanied by an i n t e n s i t y  increase 
f o r  nuc le i  w i t h  Z >, 5 and >/ 2. I n  t h i s  case, t he re  i s  no c l ea r  corre
l a t i o n  between t h e  phenomenon observed and a. f l a r e  o r  bu r s t .  However, 
a t t e n t i o n  should be ca l l ed  to t h e  f a c t  t h a t  t h e  b r i e f  increase i n  
nuc le i  i n t e n s i t y  was recorded a r t e r  severa l  weak chromosphere f l a r e s .  

We would l i k e  t o  point  out t h a t  it i s  very probable t h a t  cases of 
b r i e f  increases  i n  t h e  equipment recording r a t e  may occur, due t o  s ta t is
t i c a l  f luc tua t ions ,  during prolonged observations m However, t h e  f a c t  t h a t  
t hese  cases coincide with t h e  occurrence of s o l a r  a c t i v i t y ,  or t h e  f a c t  
t h a t  t h e r e  i s  agreement between t h e  recording r a t e  increases  i n  two chan
n e l s  simultaneously, g rea t ly  decreases t h e  poss i 'h i l i ty  of t h e i r  random 
occurrence. 

A more de t a i l ed  analvsis of a l l  t h e  cases recorded w i l l  be given a t  
a l z t e r  point.  

I n  conclusion, we would l i k e  t o  discuss  changes i n  t h e  mean recording 
rate during long periods of time. This type of data i s  present ly  being 
processed, and we can only present  c e r t a i n  d a t a  per ta in ing  t o  a period of 
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extreme minimum solar activity during the first half of February, 1964. 
Figure 18 shows the change in the recording rate for nuclei with Z3 2 
recorded by the outer counter. This same figure gives the readings from 
the neutron monitor of the Instituta Zemnogo Magnetizma i Radiovolnogo 
Rasprostraneniya (IZMIRAN) of the USSR Academy of Sciences in Krasnaya 
Pakhra and from the neutron monitor at Climax (altitude, 3400 m above sea 
level). The readings obtained on February 1 were 100% in every case. 
The lower part of the figure shows the number of solar spots for each 
day. Figure 18 illustrates the fact that between February 10-13 the 
readings of the IZMIRAN neutron monitor were 2% higher than on February 1, 
while the readings of the neutron monitor at Climax were approximately 1% 
higher. There were no solar spots between February '11-13. No chromosphere 
flares or bursts of radio emission were'recorded on these days (between 
February 1-6,individual small flares and bursts were observed, when 
there were no solar spots). The Cherenkov counter readings for nuclei /528
with Z > / 2  reached a maximum on February 12-13; as compared with February 
1, they had increased by approximately l O - l 5 $ .  This increase was 
apparently related to the restoration of cosmic ray intensity during 
a period of weak solar activity in the first half of February. 
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X-mY RADIATION OF THE SUN 

(Summary) 


S. L. Mandel'shtam 


This represents a resum6 of the main results derived from experi- /531
mental and theoretical studies of X-ray radiation of the Sun in the 
spectrum region below 100 A. 

X-ray radiation of a quiet Sun extends to the shortwave spectral 
region up to several angstroms. This radiation is thermal in nature. 
In the shortwave section 4 15-20 1,the radiation primarily has a 
continuous spectrum and is caused by recombination radiation for C, N, 0 
ions and other elements included in the corona composition. In the 3O-JOO 
A region, line radiation of these ions comprise about 2/3 of the stream, 
while continuous electromagnetic radiation and recombination radiation -
cawed by the interaction of corona electrons with hydrogen and helium 
ioris - comprises about 1/3. 

X-ray radiation, just like radio-frequency radiation, can be divided 
into a quasi-constant component radiated by unperturbed corona regions 
and a slowly-changing component radiated by the active regions (hotter and 
denser) in the solar corona. In the shortwave section of the X-ray region
A '  < 20 A, the contribution which is made by the quasi-constant component 
is very insignificant, and the radiation flux is primarily determined by 
the slowly-changing component. The radiation flux changes within very 
wide limits, depending on the number, dimensions, density, and tempera
ture of the active regions. In the spectral region of 2-10 8, it changes 
in order of magnitude from to erg*cm-2*sec-1while in the 
8-20 region it changes f r o m  l om4to lom2erg-cm-2.sec-1. In the long-
wave section of the X-ray region X = 40-1008, the contributions made by 
the quasi-constant and slowly-changing components are comparable, and the 
radiation flux changes within quite small limits - in order of magnitude 
from 0.1 to 0.5 erg*cm-2-sec-1. 

Based on data from X-ray radiation measurements, theotemperatureof 
the active corona regions can amount to Te x 2 - 2.5*1016 K; the tempera
ture of unperturbed regions amounts to Te M 1 - 1.3*106K. The electron 
density in the active regions exceeds the mean electron corona density by 

a factor of 5-10. The regions primarily generating X-ray radiation have 
angular dimensions of -1-2'. They coincide with regions of increased 
radio-frequency radiation in centi- and decimeter bands, and are located 

above the strong calcium flocculi in the solar chromosphere. Apparently,

these regions of increased heating penetrate the entire solar atmosphere 

above the photosphere right up to the corona, and can exist for a long /532
period of time - on the order of several solar days. 

- . . -- - .  -

This is a brief abstract of the report. The report was compiled on 

the basis of work by B. N. Vasil'yev, I. A. Zhitnik, L. P. Malyavkin,

V. P. F'rokudinaya, I. P. Tindo, A. I. Shurygin, Ye. P. Fesitov. 
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The present state of the theory now makes it possible to calculate 
the X-ray radiation fluxes within an accuracy of the coefficient 
2 - 3, by utilizing the radiospectroheliograms of the Sun in the centimeter 
band. in principle, this makes short-range forcasts of X-ray radiation 
from a quiet Sun possible. 

During chromosphere flares and other sporadic processes on the Sun, 
there are sharp changes in the X-ray radiation of the Sun. The stream 
of radiation increases, particularly in the shortwave section of the . 
spectrum, and it is shifted toward the shortwave boundary of the spectrum. 

Flares of X-ray radiation can be divided into two classes. Flares 
of class i are characterized by a comparatively long duration which can 
amount to several minutes, and usually last as long as the optical flare. 
The shortwave spectral boundary is shifted to approximately 18, and 
there is a great increase in the radiation energy close to this boundary 
(the total energy increase of X-ray radiation during a flare is not very 
great). Just as in the case of a quiet Sun, during a flare the radiation 
is thermal, and is caused by the corona plasma being heated in the region 
of the flare up to a temperature on the order of 3-1O6-1o7OK. 

Class I1 X-ray flares represent brief bursts lasting several tens of 
seconds,.and arise during the initial stage of certain optical flares. 
During these flares, hard protons are formed having energies of l.105 -5.106 
ev. This radiation probably has a thermal nature, and represents braking 
radiation or acceleration radiation of directional streams of accelerated 
electrons. These electrons may possibly be the result of instabilities 
arising in the corona plasma. The generation of accelerated particles 
can apparently oecur during these flares. Particularly, so-called proton 
flares closely coincide with X-ray flares (in terms of ionosphere effects). 
Two cases have also been observed in which X-ray flares coincided with bursts 
of a heavy nuclei stream with Z > l 5 .  

As regards X-ray radiation of a quiet Sun, it can be assumed that 

the main features of this radiation have been clarified to a sufficient 

extent, both from an experimental and from a theoretical viewpoint. 

Additional compila%ion of experimental data and a more precise definition 

of individual questions are necessary. As regards X-ray radiation of the 

Sun during flares, the situation is completely different. in order to 

make further progress on this problem, it is necessary to develop a general 

theory of flares and to compile more accurate methods for performing experi

mental studies. In particular, in order to make a distinction between 

"thermal" and "non-thermal" flares, it is necessary to study the line X-ray 

spectrum of the corona and the polarization of X-ray radiation during flares. 

A concurrent study must also be made during the flares of X-ray and corpus

cular radiation of the Sun. A study of these problems may possibly reveal 

a method for warning cosmonauts of radiation danger. 
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IMAGE OF THE SUN I N  THE FAR SHOIiIWAVE REGION O F  THE SPECTIzlTM 
( S m a r Y  1 

I. A. Zhitnik, V. V. Krutov, L. P. Malyavkin, S. L. Mandel'shtam 

An image of t h e  Sun i n  the  shortwave s p e c t r a l  region 170-400a w a s  & 
obtained by means of a device located on a geophysical rocket, which w a s  
f i r e d  to an a l t i t u d e  of 500 ka on June 6, 1963. It w a s  found t h a t  regions 
of increased shortwave rad ia t ion  in t ens i ty  a r e  located above the  faculae 
f ie lds ,  and remain on t h e  Sun f o r  a t  l e a s t  a s o l a r  day. 

MEASCT- OF SOLAR X-RAY RADIATION INTENSITY BY 
MEANS OF THE SPACE STATION "ELFXTRON-2" 

I. P. Tindo 

Signi f icant  vas ia t ions  i n  a stream of soft X-ray rad ia t ion  from a 
"quiet" Sun, a s  wel l  as b r i e f  lburs t s"  of i n t ens i ty ,  were studied during 
t h e  f l i g h t  of t h e  space s t a t ions  "Elektr0n-2~~and "Elektron-4" a t  t h e  
beginning and i n  t h e  middle of 1964.l 

The rad ia t ion  rece ivers  i n  these  experiments consisted of end-window 
Geiger photon counters, wTth windows made of berylium2 and aluminum3 f o i l  
having a dens i ty  of 25 and 2.7 mg*cm-2, respect ively.  

IfA s ign i f icant  port ion of t he  Elektron-2" o r b i t  l a y  beyond t h e  boun
aary  of t h e  outer  rad ia t ion  zone, i n  t h e  region of space having a compara
t i v e l y  s m a l l  stream of penetrat ing corpuscular p a r t i c l e s .  As w i l l  be  shown 
below, t h e  background r ad ia t ion  far from t h e  boundary of t h e  rad ia t ion  zone 
was close t o  t h e  l e v e l  of t h e  cosmic rad ia t ion  background, and t h e  stream 
of s o l a r  X-ray rad ia t ion  could be measured with a high s e n s i t i v i t y .  

I n  order to determine the  l e v e l  of in te r fe rence  from corpuscular p a r t i 
c les ,  cont ro l  counters were employed having an aluminum window, and i n  

addi t ion.  t h e  counters were covered with gold and s i l v e r  f o i l  

(0.77 and 1.05 mg-em'", respect ively)  The s e n s i t i v i t y  of these  aluminum 

counters to sof't X-ray radiat-ion w a s  decreased by approximately two orders 

of magnitude due t o  t h e  addi t iona l  fo i l ,  while t h e  s e n s i t i v i t y  t o  

-- .-. -.___ 

Results of t h e  experiments performed on t h e  space s t a t i o n  "Elektron-4" 
are being processed a t  t h e  present time. 

Ye. S. Turlysova and I. A. Prager helped i n  t h e  construction of t he  
berylium counters. 

Ye. P. Bogatova and V. G. Chaykovskiy helped i n  constructing t h e  
aluminum counters. 



penet ra t ing  r ad ia t ion  w a s  p r a c t i c a l l y  unchanged ( R e f .  1). 

The counters were mounted i n  two recorder  u n i t 6  one of which w a s  
placed on t h e  platform of an independent s lave  system which kept t h e  
counters constant ly  or ien ted  on t h e  Sun throughout t h e  f l i g h t  ( R e f .  2 ) .  
The second pickup block w a s  mounted securely on t h e  outs ide of t h e  
instrument capsule. I n  order  t o  make sure  t h a t  t h e  Sun was i n  t h e  
counters f i e l d  of vis ion,  a photorecorder - a s i l i c o n  phototransformer 
which was sens i t i ve  t o  visible l i g h t  - waS placed i n  each block. .kc& 

The rad ioe lec t ronic  system of t h e  device recorded t h e  maxi" rate 
at which impulses w e r e  recorded from each group of counters during t h e  
exposure time, which comprised 2- o r  8 minutes i n  d i f f e r e n t  o r b i t  revolu
t ions .  The averaging t i m e  ( i n t eg ra t ion )  i n  determining t h e  maximum 
recording rate w a s  abdut 2 seconds. The recording rate w a s  f ixed  by an 
e l ec t ron ic  system within t h e  l i m i t s  of 1out of 304discrete  leve ls ,  
d i s t r i b u t e d  according t o  t h e  dynamic range of 1-10 inpulse-sec- '  - d i s 
t r i b u t e d  equ id i s t an t ly  i n  a logarithmic scale .  This recording system 
provided f o r  an approximately constant r e l a t i v e  measurement accuracy 
throughout t h e  e n t i r e  band: with an e r r o r  of not more than 35% of t h e  
measurable quant i ty ,  when a r e l a t i v e l y  s m a l l  amount of information 
t ransmit ted t o  t h e  memory device was retained.  A de t a i l ed  descr ip t ion  
of t h e  ind iv idua l  u n i t s  i n  t h e  rad ioe lec t ronic  block of the device, which 
w a s  developed by B. N. Vasil 'yev, i s  given i n  t h e  work ( R e f .  3 ) .  

Figure 1 shows a t y p i c a l  example of t h e  readings from t h e  device ob
ta ined  on the  ascending bra,nch of t h e  t h i r d  revolu t ion  of t h e  space 
s t a t i o n  "Elektron-2". As can be seen from t h e  p ic ture ,  t h e  sect ions of 
a high recording rate, corresponding t o  grea t  in te r fe rence  from p a r t i c l e s  
of t h e  radia,t ion zones, occupy only an in s ign i f i can t  por t ion  of t h e  revo
lution'. The boundary of t h e  outer  ione, which was determined f r m  our 
readings, c lose ly  coincided with t h e  r e s u l t s  of simtltaneous measurements 
performed by a spec ia l  apparatus designed t o  study corpuscular r ad ia t ion  
(Ref. 4). I n  t h e  revolut ion sec t ion  located above t h e  zones, t h e  recording 
rate i n  t h e  period from January 30 t o  March 16, 1'364,changed within com
pa ra t ive ly  narrow l i m i t s  - from 30 t o  500 inpulse-sec-1 for a berylium 
counter, and from 10 t o  300 inpulse-see-1 f o r  an aluminum counter. The 
f luc tua t ions  i n  t he  recording rate i n  t h i s  sect ion of t he  revolution, which 
are shown i n  Figure 1, are p a r t i a l l y  r e l a t e d  t o  t h e  influence of t h e  d i s 
c r e t e  encoding device ( f luc tua t ions  per  * 1logarithmic u n i t ) ,  and p a r t i a l l y  
related t o  normal f luc tua t ions  i n  t h e  recording rate. 

I n  addi t ion  t o  these  "equipment" e f f ec t s ,  recur ren t  minima of t h e  
recording ra te  (poin ts  1i n  Figure 1) are observed, occurring when t h e  
counters were i n  t h e  shade a s  t h e  s t a t i o n  ro ta ted .  Final ly ,  t h e r e  were- _ _  

There w a s  a decrease i n  t h e  recording r a t e  of t h e  berylium counter up t o  
zero c lose  t o  t h e  i n t e n s i t y  m a x i m u m  of t h e  outer  r ad ia t ion  zone. This 
decrease w a s  caused by s t rong  "off-scale  reading". When less in tense  s o l a r  
x-ray r ad ia t ion  w a s  measured, t h i s  phenomenon d id  not occur. 



Figure 1 
.t,hours 

Sample of Instrument Recordings on January 1, 1964 
The numbers of t h e  code, which were wr i t ten  by t h e  peak memory device, and which correspond approximatdy 
t o  t h e  logarithm of t h e  imp.ulse recording ra te ,  are p lo t ted  along t h e  ordinate  axis. a - berylium; b -
aluminum; c - cont ro l  counters. World time. Apogee of t h e  s t a t i o n  for t h e  Sun-Earth-station angle "-135". 
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Figure 2 

Recording Rate of Berylium, Aluminum, and Control Counter on the  3, 22, 49, and 67th Revolutions 
(On the  67th Revolution, t he  Counters Were Constantly Shaded) 

a - beryliwn; b - aluminum; c - control  counters. World time. The beginning and end of chromosphere 
flares (squares),the class  of t he  f la re ,  and daka on the  ionosphere e f fec ts  ( S - S i ,  SES) a re  given on 
the  abscissa axis of graph a. The shaded portions correspond t o  large interference from radiat ion 
zone pa r t i c l e s  and the dashed l i ne  corresponds t o  the  leve l  of the  cosmic background. 
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longer increases in the recording rate (points 2 in Figure l), which 

were caused by bursts of X-ray solar radiation or by penetrating parti

cles of sporadic corpuscular streams. The points corresponding to 

exposures during which the Sun did not once enter the counters' field 

of vision (points 1 in Figure 1) were employed to determine the background 

level. 


Figure 2 presents the averaged, typical curves for the recording 
rate for the third, twenty-second, and forty-ninth revolutions, pertaining 
to periods of different solar activity. As was indicated by the data 
obtained, the berylium counters operated normally throughout the entire 
active operationof the station. The aluminum counter of the orientable 
block operated normally throughout the entire flight. An analysis of 
the recordings from the control counters showed that one of the two (con
nected in "parallel") counters changed into self-maintained discharge 
after two weeks of flight. Therefore, in the following period it was 
not possible for us to distinguish between corpuscular streams based on 
readings from the control counters of our device. Nevertheless, the gen
eral form of the curves shown in Figure 2 is as follows. The sharp 
boundary of the outer radiation zone and the absence of a clear dependence 
of the rate at which impulses were recorded on the position of the sta- /538
tion in the orbit, the relative constancy of the mean recording rate in 
the remaining portion of the revolution, and finally the recording of 
significant bursts of intensity also close to the apogee - all of this 
leads to the assumption that in the following period in the overwhelming 
majority of cases the interference level was small, and X-ray solar 
radiation was recorded. This conclusion received confirmation during 

measurements from the second half of March to the beginning of May. 

During this period, beyond the boundary of the outer zone the recording 

rate of berylium and aluminum counters when they were shaded did not 

usually rise above a level which was comparable with cosmic ray back

ground, except for two cases in which particles were recorded from the 

outermost quasi-stationary zone on April 1 and April 2, 1964. 

shown in Figure 2 (revolution 67). 


These are 


Electron streams having energies of E > , 7 O - l O O  kev were measured on 
the space station "Elektron-2"by means of a special apparatus by S. N. 
Vernov, Yu. I. Logachev, E. N. Sosnovets et al. (Ref. 4). These measure
ments made it possible to directly determine the possible level of inter
ference during -thesubsequent operational period of our device. According 
to these measurements, beyond the limit of the outer radiation zone a 
flux of electrons having the indicated energies is usually no greater 
than 4.lO2-1O electron.cm'2-sec- Assuming that the energy spectrum 
of electrons is as follows 

NE>E,( E )=KE-a, 
we find that their contribution to the recording rate must not exceed the 

quantities shown in Table 1. 




TABLE 1 


~~~~~ 

c1 1 2 4 8 

Be-counter (E 3200 kev), 
impulse-sec-1 . . . . . .  20 10 3 0.2 

Al-counter (E 2.50 kev), 
impulse-see-1 . . . . . .  0.6 1.2 5 80 

Ratio of Recording Rates 
(Be/Al) . . . . . . . . .  33 8 0.6 2.5 * 

The recording rate ratios actually measured outside of these zones 
(after the cosmic ray background was deducted) fluctuated from 3-8, i.e., 
if it is assumed that the readings are caused by the recording of corpus
cular particles, then their spectrum would correspond to c1 M 3. However, 
the absolute recording rates corresponding to the recording of electrons 
can only comprise a few percent of the total recording rate measured 
experimentally - i.e., the counters record only X-ray radiztion of the 
Sun and the cosmic ray background. It may also be noted that this low 
interference level caused by corpuscular streams is primarily due to 
the fact that the space station "Elektron-2"at large distances from the 
Earth traveled at high geomagnetic latitudes (qm - 6~700).Measurements 
of a stream of electrons having energies of E 3 4 5  kev, which were re
cently carried out on the satellite "IMP-1" and which encompassed dis
tances up to 31.5 Re at a low geomagnetic latitude, showed that in this 
portion of circumterrestrial space in the y = 0 direction (i..e., the local 
"midnight") there was a significant quasi-constant flux up to 10 elec
tron'cm-2-sec-1.This flux cont.ainedindividual i.slands"with a flux 
of up to l o 6  eleclron.cm-2-sec-1,which were sharply defined in terms of 
latitude and whose frequency Gf appearance decreased as the craft receded 
from the Earth (Ref. 5). 

When analyzing the results obtained beyond the boundary of the radia
tion zones, we determined the level of radiation from a "quiet" Sun during 
the period of January 30-March 16, 1964. 'Forthis purpose, we selected 
the mean recording rate during one day from 20 to 21 hours, in order to /539
facilitate a comparison with data from radiospectroheliograms obtained 
simultaneously. The method of utilizing these data for forecasting the 
X-ray radiation level has been described in several works (Ref. 6, 7). 
In individual cases, when active processes were observed on the Sun during 
a period of 20-21hours, the magnitude of the recording rate in the closest 
''quiet" period was employed. Figure 3, a and b, presents the results 
obtained after the cosmic background level was deducted. As these graphs 
show, even when there were no g.ctive formations on the disc, the inten
sity of radiation with X 18A and?,C 10 8 did not drop to zero, 
even though it decreased to almost the threshold sensitivity of the 
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Figure 3 

Stream of X-Ray Radiation from a "Quiet" -
from January 31 t o  March 16, 1964 

a, b - Recording rate  of berylium and aluminum counters, and the  radiation s t rea!  determined 
from these data i n  the  spec t ra l  regions of 2-10 and 8-18 1 respectively; c - Effective "color1' 
temperature (based on counter da t a ) ;  d - Wolf number (Ref'. 8) ;  e - Total Area of Flocculae 
(Data from [Ref. 81 indicated by so l id  l i n e  and da ta  from [Ref. 91 indicated by dashed l i n e )  
i n  f rac t ions  of t he  hemlsphere area; f - Radio-frequency radiation stream i n  t h e  10.7 
wave (Ref. 9); g - Radiation stream from loca l  radio sources on the  so l a r  d i sc  a t  t he  
A = 6.6 cm wave, i n  percentages of t he  in t eg ra l  stream (according t o  the  spec ia l  report of 
G .  B. Gel'freykh); h , i  - expected calculated recording r a t e  of berylium and aluminum counters. 
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apparatus employed. For purposes of’ comp.arison,Figure 3 presents  c e r t a i n  
other  quan t i t i e s  i l l u s t r a t i n g  t h e  cor re la t ion  with t h e  i n t e n s i t y  of so l a r  
X-ray rad ia t ion ,  as we l l  as curves h and i represent ing t h e  expected ca l 
culated recording rate of Be- and Al-counters, constructed on t h e  basis 
of da t a  from rad iospec t rohe l iog ras  according t o  khe method described 
previously (Ref. 6, 7). 

The period of our observations was broken down i n t o  several i n t e r v a l s  
according t o  t h e  general  l e v e l  of so l a r  a c t i v i t y .  These i n t e r v a l s  cam be  
c l e a r l y  seen i n  t h e  recordings of X-ray counters (see Figure 3, a and b):
I - January 30-31, on t h e  western edge of t h e  so l a r  d i s c  a la rge  group of 
spots  was observed No. 9, a rad io  emission region No.  10, and t h e  f locculae 
r e l a t e d  t o  them (Ref. 8); I1 - Febmary 1-7, a quiet  period, t h e r e  weye no 
spots o r  floccu1a.e on t h e  d i sc ;  I11 - February 8-12,new groups of spots 
appeared on the  d isc ;  February 1-3 t h e r e  were no spots  o r  pores on t h e  d isc ;  
February 14 and February 16 groups No. 10 and No. 9, as wel l  as t h e  rad io  
emission group No. 17, again appeared on the  eas te rn  edge; I V  - February 
20, a rapidly-developing group N o .  18 appeared; groups of spots  were ob
served i n  the  following days up t o  March I; V - from March 2 up t o  March 
10 the re  were no spots  on t h e  d i s c  (except f o r  March 3 and March 8 ) ,  and 
only f locculae remained which were v i s i b l e  on the  d i s c  u n t i l  March 5; V I  -
on March 11, a new period of a c t i v i t y  commenced, which w a s  r e l a t ed  t o  the  
rad io  emission region No. 23,  t he  la rge  group of spots No. 18, e t c .  

A comparison of t h e  graphs a, b,  d i n  Figure 3 shows t h a t  t h e  inten
s i ty  of X-ray r ad ia t ion  with X = 2 - 10 8 coincides i n  i t s  general  f ea tu re s  
with t h e  r e l a t i v e  number of solar spots  during , the period invest igated.  
The rad ia t ion  recorded by the  aluminum counter ( A  = 8-18 8) w a s  somewhat 
l tcolder l las compared w i t h  t h i s  index of  a c t i v i t y .  

This cor re la t ion  w a s  sometimes dis turbed i n  p a r t i c u l a r  d e t a i l s ,  f o r  
example on February 1and Ma.rch 2, when groups of spots  appeared behind 
t h e  western edge of t h e  d isc ,  while t h e  l e v e l  of X-ray r ad ia t ion  s t i l l  
remained high. This e f f e c t  could be expected, i f  we take  i n t o  account 
t he  d i f fe rence  i n  a l t i t u d e  of coronal condensations, i n  which X-ray radia
t i o n  pr imari ly  occurs, and photosphere spots.  

A comparison with t h e  t o t a l  f locculae a rea  determined simultaneously 
shows t h a t  t h i s  a c t i v i t y  index does not coincide as wel l  with t h e  in t ens i 
of X-ray rad ia t ion .  Thus, from March 4 t o  March 12 t h e  counters recorded 
a low l e v e l  of r ad ia t ion  when the re  were s ign i f i can t  groups of f locculae 
on the  so l a r  d i sc .  

A s  can be  seen from Figure 3, f ,  t h e  i n t e g r a l  (with respect  t o  t h e  
d i sc )  stream of r ad io  emission a t  the  10.7 em wave changes i n  i t s  general  
feakures p a r a l l e l  with the  stream of X-ray rad ia t ion ,  although i n  s i g n i f i 
cant ly  narrower l i m i t s ,  p a r t i c u l a r l y  as compared with da ta  from t h e  short
wave berylium counter. T h i s  conclusion coincides with t h e  r e s u l t s  of our 
previous s tudies ,  and a l s o  with t h e  s tud ies  of other  authors  (Ref. 10, ll), 
and leads t o  t h e  a s sumt ion  of increased temperature i n  t h e  coronal 
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condensations i n  which thermal X-ray r ad ia t ion  occurs.  The conclusion 
i s  a l s o  confirmed i n  Figure 3,c, which shows t h e  e f f e c t i v e  color temper
a t u r e  change of r ad ia t ion  determined 'by t h e  recording rate r a t i o  of t h e  
beryliwn and aluminum counter. The temperature values obtained l i e  wi th in  /541 
(1.5-2.5)-106 OK f o r  t h e  e n t i r e  observat ional  per iod.  The d a t a  from t h e  
radiospectroheliograms show t h a t  during t h e  ac t ive  days only one (or two) 
regions make t h e  main cont r ibu t ion  t o  r ad ia t ion  each t ime. I n  t h i s  case, 
it can be assumed t h a t  t h e  e l ec t ron  condensation temperature i s  c lose  t o  
t h e  e f f e c t i v e  temperature measured by t h e  counters (-J 2 - 2.5).10" O K .  

As  would be expected, t h e  va r i a t ions  i n  t h e  r ad ia t ion  f l u x  of l o c a l  
r ad io  sources, measured with t h e  large Pulkova r ad io  te lescope a t  t h e  
6.6 em wave', c lo se ly  coincide with t h e  curve showing t h e  change i n  X-ray 
r ad ia t ion  i n t e n s i t y  which occurs i n  t h e  regions of "hot condensations" 
which a r e  r e l a t e d  t o  groups of spots  and f loccu la r  f i e l d s .  However, a t  
very shor t  waves (A = 6.6 em) t h e  acce lera t ion  component apparent ly  makes 
a s ign i f i can t  contr ibut ion,  whereas it has been determined t h a t  X-ray r ad i 
a t i o n  of a quie t  Sun has purely a thermal nature  ( R e f .  7, 10) .  This f a c t  
l i m i t s  t h e  poss ib le  degree of s i m i l a r i t y  between graphs a, b, and g i n  
Figure 3. We have previously pointed out ( R e f .  6, 7) t h e  close cor re la 
t i o n s  between a stream of X-ray r ad ia t ion  and t he  s t ruc tu re  of t h e  rad io  
image a t  the  9.1 em wave. This co r re l a t ion  c a n  be c l e a r l y  seen when t h e  
experimental and ca lcu la ted  curves of Figure 4, a, b, h and i are compared. 
I n  order t o  obta in  agreement with t h e  experimental results,  w e  assume t h a t  
an e lec t ron  temperature of 're: 1.0; 1.50; 1.75 and 2.51.10~OK must be 
a t t r i b u t e d  t o  regions on the  solar-dischaving t h e  following br ightness  
temperature at t h e  9.1 om wave: TB-< 3O,3O< TBS 60,6O< TB< 1-50 and T>150.103 
O K .  When t h e  r ad ia t ion  flux w a s  calculated,  t h e  emission rates Y = nz d V  
were employed; t hese  rates were determined by r ad io  da t a  ( R e f .  9). Such a 
determination of t h e  emission ra te  assumes t h a t  thermal X-ray r ad ia t ion  
and radioemission are produced i n  one and t h e  same regions of t h e  corona, 
and t h i s  determination i s  va l id  if the  o p t i c a l  thickness  i s  7 << 1 i n  
both cases .  The p o s s i b i l i t y  i s  not excluded t h a t  t h e  inclusion of o ther  
ac t ive  region c h a r a c t e r i s t i c s  f o r  determining the  temperature Te - f o r  
example, da t a  on t h e  increase i n  a group of spots  (Ref. 11) - would make 
it possible  t o  obta in  s t i l l  more prec ise  co r re l a t ion  with t h e  f lux  of t h e  
"slowly-changingl' component of X-ray s o l a r  r ad ia t ion .  

It i s  i n t e r e s t i n g  t o  compare t h e  energy f l u x  simultaneously determined 
on t h e  space s t a t i o n  "Elektron-2" and on t h e  sa te l l i t e  "SR-IV" (USA) during 
t h e  period from February 14 t o  February 22, 1964 ( R e f .  12) 

Based on da ta  from o r measurements, during t h i s  period t h e  flux i n  
t h e  s e c t r a l  region 0-10 1was E (0-10) < l'10-5erg.cm-2.sec-1; i n  t h e  
0-20 !region, t h e  f l u x  w a s  E(0-20) M 2.10-3erg*cm-a  .see-'. Preliminary 

1 According t o  t h e  spec ia l  repor t  of G. B. k l ' f r e y k h .  
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TABLE 3 
1543-

BURSTS OF X-RAY RADIATION BASEB ON DATA FRQMBE- AND AL-COUNTERS 

Time; Mean Increase 
Hours, i n  Recording

Minut es Rate , 
impulse*sec-l 

_ _  
Be- Dura
gin- t ion  Be A1 
nin g 

~ . 

35 32 01 141 109 11 
33 38 16 122 6 
16 45 02 32 76 10 

2/11 19 38 01 02 70 16 
2114 14 06 18 108 7 
2/ 17 10 14 22 116 4 
2/20 38 56 02 32 64 8 

16 48 01 28 80 7 
2/23 	 33 36 03 04 I22 39 

36 40 01 36 ,240 125 
17 44 01 04 152 52 

2/24 	 33 36 03 36 142 1.55 
10 00 16 130 72 
15 20 16 1-30 72 

2/27 23 18 36 102 
2/28 01 50 20 109 

09 50 18 110 6 
2/28 10 20 45 110 

20 38 03 20 110 4 
3/4 02 56 12 100 
3/5 11 10 06 114 3 
3/12 	 09 57 40 168 25 

14 29 16 195 33 
15 09 16 260 53 
1-5 49 16 140 33 

3/15 	 19 19 10 146 
19 36 16 220 
20 20 40 130 
21 18 38 130 
22 35 02 00 320 

3/16 31 26 34 104 
32 07 01 02 320 
33 45 24 260 
34 43 04 46 340 

Time ; hours , CYPe 
Minut es and 

;lass 
of 

Begin- Dura- Phenom
ning t i o n  enon 

~ -

14 10 17 C h l  

10 14 10 C h l 
18 02 06E C h l 
05 OOE )3 OOL C h l 
06 453 )145 C h l  
18 18 24 C h l  

i o  0 8 ~  C h l 

09 39 07 Chl 
10 41 09L C h l 
23 30 35 Er" 

11 1 5 ~  09L C h l 
09 543 SOL C h l  

15 133 C h l  

20 27 09L C h l 
21  0 8 ~  22L C h l 
22 393 1 6 ~  C h l 

02 01 21 C h l  
03 59 10 C h l  
04 31  25 C h l  
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Recording 
Rate, 

impulse- sec-l 
. .-. De -

vice  

5 3 1;2 
1.5 5 1 
15 5 1 

5 3 2 

5 3 2 
5 3 2 
5 3 2 
5 3 2 
5 3 2 
5 3 2 

5 3 2 

5 3 2 
5 3 2 
5 3 2 
5 3 2 
5 3 2 



Continuation of TABU 3 

BURSTS OF 	X-MY RADIATION BASED ON DATA FROM BE- AND ALCOUNTERS 
- .  . .  

. .. . . .  . XTRLY B u r s t s - _i . Optical  Observations. Cnterfegence- -&vel. 

Time; em Increase
Date HOUTS, Time; hours, T n e  

Recording
Rate,

Minute s Ra,te , Minutes 	 and 
Class impulse sec-l D e  

- =  of v i ce  
Begin- Dura- ’henom

gin- t i o n  ning t i o n  enon 

. .. 

04 46 12 Chl 
07 17 13 Chl
08 11 41 C h l  

NOTATIOTJ: E - phenomenon begam ear l ier ;  L - phenomenon terminaked la ter ,  
o r  continued longer; Ch - chromosphere f lare;  Er- erupt ive  prominence on t h e  
l i m b ;  1o r  2 i n  t h e  last column mean: 

1 - Interference l e v e l  was determined from readings of t h e  cont ro l  counter 
on t h e  device, 

2 - in te r fe rence  was determined from data of t h e  s c i n t i l l a t i o n  counter 
(e lec t rons  with E >, 70 - 100 kev [Ref .  41). 

r e s u l t s  from American measurements, performed wi th  l e s s  s ens i t i ve  appara
tus ,  have shown t h a t  t he  rad ia t ion  i n t e n s i t y  w a s  below t h e  de tec t ion  
threshold,  i . e . ,  E(O - 8) < 2 ~ l O - ~and E(O - 20) < 0.g-10-3erg.cm-2.sec-1 .* 
* 

When the  magnitude of t he  stream w a s  determined from equipment readings 
i n  t h e  work ( R e f .  12), it  w a s  assumed t h a t  t h e  spec t r a l  d i s t r ibu t ion  of 
t h e  energy corresponds t o  a “grey“ emi t te r  w i t h  Tcolor = 2.106 %. In  
our  study, we used the  spectrum of a plasma thermal rad ia t ion  with 
Te = 2.106 ?K. The absolute  counter e f fec t iveness  employed i n  the  calcu
l a t i o n s  may be exaggerated when pa r t  of t he  photoelectrons are captured 
by the  electronegat ive component of a gas f i l l i n g .  A t  t he  present 
t i m e ,  experimental v e r i f i c a t i o n  of t h i s  e f f e c t  i s  being conducted. 
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This does not contradict the results of our observations. The signifi
cant increase in radiation intensity with X < 20 8 in the period from 
February 23 to March 1, 1964, which is clearly apparent in Figure 3, b, 
was also determined by the American researchers (Ref. 12). 

While the equipment was in operation, a large number of ''bursts" 
was observed in the intensity of X-ray radiation; these bursts lasted 
f m m  several minutes up to several hours.' The intensity changes were /544 
more significant in the shortwave region of the spectrum recorded by the 
berylium counter, but the tlburstsllwere significant in the recordings 
of the aluminum counter. Table 2 presents the time intervals in which 
these measurements were performed. Gaps in the observations are due to 
interference from the radiation zones or are due to the absence of tele
metry information. Table 3 presents data on sporadic radiation intensity 
increases caused by a significant increase in the recording rate of the 
Be-counter during the period from January 30 to March 16, 1964. This 
Table also presents the results derived from simultaneous optical obser
vations (Ref. 8, 9 ) .  The times presented in Table 3 for the beginning 
and duration of X-ray bursts are known within an accuracy of +2(or +8) 
minutes , in conformity with the period during which the memory device 
was interrogated. These times were determined from the recordings of 
the berylium counter, since the "bursts1'in the recording rate of the 
aluminum counter were smaller, and the corresponding times were there
fore not always accurately determined. Table 3 also presents the dura
tion of the bursts and the mean increase in the recording rate of both 
counters during the time in which it appeared above the quiet level. 
The subsequent table columns contain data on the beginning, duration, 
type, and class of the phenomena recorded by observatories on the Earth. 
Finally, the last columns indicate the upper limit of the interference 
level from streams of energetic electrons, which could distort the counter 
readings; this upper limit was determined from data derived from the 
sensors on the station "Elektron-2". A preliminary analysis shows that 
only in 9 cases during the period from January 30 to February 16, when * 

the station was located outside of the outer radiation zone (but compara
tively close to its boundary), were the recording rate maxima definitely 
caused by streams of energetic electrons (E 2 200 kev) being recorded. 
These maxima are given in Table 4, and the last column of this table 
indicates the cases when corpuscular streams were recorded simultaneously 
by the apparatus of S. N. Vernov et al. (Ref. 4). In other cases, the 

We could not analyze single bursts - lasting 2 (8)minutes - due to 
individual random errors in the encoding; these errors were possible 
due to the fact that the inputs of the recording system were not 
blocked when the telemetry was interrogated. 
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TABm 4 


RECORDING OF PARTICLES 


Data from X-ray Device, Based on Data 

Hours, Minutes from (Ref. 4),


Hours, Minutes 


Beginning End 	 Time of 

Maximum 


1/31 11 16 12 02 

2/2 9 55 io 08 

3 00 3 50 3 15 
5 40 5 50 

2/7 7 15 7 25 
17 20 17 30 17 15 

2/13 9 45 10 20 10 10 

2/16 io 50 11 08 io 52 


11 18 11 32 11 24 


intrusion of corpuscular streams having small energies into circumter
restrial space was not accompanied by a significant change in the counter 
recording rates. This was the case, for example, during 3-9hours on 
February 12, and 8 hours 30 minutes on February 20, when powerful streams 
were discovered from the readings of the ion trap and the magnetometer on 
the station "Elektron-2",and when magnetic storms "with a sudden commence
ment" were simultaneously recorded on the Earth (Ref. 13). /545 

For all the "bursts" shown in Table 4, there are data derived from a 
patrol of chromosphere flares which was performed by observatories on the 
Earth. About one-half of the recording rate maxima given in the table 
coincide in time with the periods of small chromosphere flares of class I -
and I. The maximum phase of the flare beginning at 21 hours on February
28 coincided with the development of an eruptive prominence on the edge of 
the disc. The remaining ''bursts"of X-ray radiation were not accompanied 
by significant phenomena in the optical region. Only one burst of X-ray 
radiation, which was recorded simultaneously with the development of a 
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c l a s s  1-chromosphere f lare  beginning a t  18 hours, 22 minutes, on February 
23, w a s  accompanied by  a burst of type  111 (Ref - 9)-

I n  two cases  (12 hours, 45 minutes on January 31, and 8 hours, 27 
minutes on March 2) unusual phenomena were observed i n  t h e  radio-frequency 
region when t h e  s t a t i o n  "Elektron-2" passed close t o  t h e  boundary of t h e  
outer  zone, where it w a s  d i f f i c u l t  t o  determine t h e  in te r fe rence  level.  

tfAn examination of Table 3 shows t h a t  t h e  observed bursts'' of X-ray 
r ad ia t ion  l a s t e d  f o r  a long per iod of time which w a s  comparable to, and 
sometimes s i g n i f i c a n t l y  exceeded, t h e  time required for simultaneous 
chromosphere f l a r e s  t o  develop. The p o s s i b i l i t y  i s  not excluded t h a t  sever
a l  of t h e  '%urstslI a c t u a l l y  represent  a series o$ consecutive processes 
l a s t i n g  a shor t e r  per iod of t i m e .  The averaged color" r ad ia t ion  tempera
t u r e  of t he  "bursts", determined on t h e  b a s i s  of t h e  r a t i o  f o r  recording 
ra te  increases  i n  t h e  Be- and Al-counters, was usua l ly  no g rea t e r  than  
lo7 O K - It i s  i n t e r e s t i n g  t o  determine the  possible  s i z e  of t h e  emissive 
region, under t h e  assum t i o n  of a thermal mechanism i n  t h e  b u r s t  rad ia t ion .  
Assuming t h a t  Te - 4-10g o  K, ne M lo9 electron.cm-', we can obtain t h e  ob
served magnitude of t he  stream E(2 - 10) - 5.10-4 erg-cm -2 -see-' from a 
region having a s i z e  of 10""cm3 - Making t h e  condi t ional  a,ssiunption t h a t  
t h e  emissive region i s  i n  t h e  form of a ciibe, w e  obtain i t s  apparent 
angular dimension of - l', which i s  t y p i c a l  for so-called sporadic conden
sa t ions  which usua l ly  e x i s t  on the  Sun for severa l  hours. 

I n  connection with t h e  problem of t h e  generation of r e l a t i v i s t i c  
p a r t i c l e s  on t h e  Sun, considerable i n t e r e s t  i s  afforded by two bur s t s  of 
X-ray r ad ia t ion  in tens i ty ,  one of which began at 22 hours, on January 31
t h e  other  began a t  2 hours, 1.5 minutes, on February 14. In  both cases, 
t h e  recordin rate increase of t he  beryliixn counter was about 100 
impulse-sec-'. According t o  data from the mEasurements of L. V. Kurnosova 
e t  a l . ,  which were performed on the s t a t i o n  Elektron-2", these  b u r s t s  
were accompanied-by a significa,rit increase in  a stream of heavy nucle i  
with Z a 15 (Ref. 1 4 ) .  

I n  accordance with t h e  computational r e su l t s ,  it can be expected 
t h a t  "bursts" of X-ray rad ia t ion ,  whose i -ntensi ty  i s  similar t o  those . 
l i s t e d  i n  Ta,ble 3, must not cause s igni f icant  ionosphere e f f e c t s  (Ref. 15).
Actually, during our observation per iod from Jamuary 30 t o  March 16, 1964, 
only four fadings were recorded: one a t  20 hours, 25 minutes on Fe'bruary
13, which d id  not pe r t a in  t o  any chromosphere f l a r e ,  and a.lso three fadings 
r e l a t ed  t o  f lares of c l a s s  1: at  8 hours 25 (E) minutes on March 11, a t  2 1  
hours, 32 (E) minutes on March l2, and a t  4 hours, 46 minutes on March 16 
( R e f .  9). According t o  d a t a  from our  measurements, t h e  f irst  two flares 
were only accompanied by a neg l i  i b l e  increase i n  t h e  r ad ia t ion  flux 
[E(2 - 10) - I.lO-"erg*cm-'.sec-~]. The l a t t e r  f lare corresponds t o  a 
s ign i f i can t  i n t e n s i t y  'burst; however, as can be seen from Figure 2 
(revolut ion 49), a c l a s s  1- f lare  followed by a t r a i l  behind it produced 
a more powerful burs t .  



In addition to compartively large intensity "bursts", a large por
tion of which are presented in Table 3, about 100 smaller recording rate 
maxima were recorded while the equipment was in operation. In almost 
all of these cases, optical obkervations did not reveal any active pro-
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cesses on the Sun. On the contrary, only in five cases of chromosphere 
flares (class.l-)did the recorders detect any increase in the f lux of 
X-ray radiation. These data show that the patrolling of X-ray bursts, 
particularly in the case of X < 10 8, is one of the most sensitive methods 
for discovering active processes on the Sun - at least during a minimum 
year, when the integral (with respect to the disc) flux of X-ray radia
tion (the "slowly-changing component") is small. 

During the period from February 23-24,flares of X-ray radiation were 
also recorded by photometers of the American satellite "SR-4" (Ref. 12). 
In particular, according to these data at 7 hours, 04 minutes, on Feb
ruary 23, a flux of radiation with X > 8 8 exceeded the sensitivity 
threshold of the photometer and increased up to 1.10-3erg+cm-2.sec-l in 

a few minutes time. According to our data, at this moment an intensity 

maximum was also observed corresponding to the flux E(0-8) 2 2 ~ 1 0 ~ 
erg. 

%). According to our data,. the beginning of the.cm-2*sec'1 (Tecu 2 ~ 1 0 ~  
flare could be traced from 06 hours, 40 minutes (+ 08 minutes), which 
closely coincides with the beginning of the class-1- chromosphere flare 
at 6 hours, 45 minutes E. According to our data, the increased radiation 
level was retained up to 8 hours, 10 minutes, while the visible flare termin
ated at 8 hours, 30 minutes. 

Another report will present a more detailed analysis of the data ob
tained. 

The author would like to express his appreciation to S. L. Mandel'shtam 

for supervising the work, and also to S. N. Vernov, E. Sosnovets, G. B. 

Gelf'reykh for the use of their observational material. 
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COSMIC RAY GENERATION ON THE SUN 


A. N. Charakhch'yan, T. N. Charakhch'yan 

From t h e  da t a  derived from cosmic ray measurements on the  surface & 
of the Earth alone, it might be thought t h a t  cosmic r ay  generation on 
t h e  Sun i s  a r a r e  event occurring once i n  t h r e e  or  four  years, but  i n  
ac tua l  f a c t  t h i s  i s  not so. This may be seen from t h e  tab le ,  where mstr 
i s  t h e  r a t i o  of primary cosmic-ray i n t e n s i t y  during several bu r s t s  t o  
ordinary in tens i ty ,  derived from measurements i n  t h e  stratoqphere,  and 
mde i s  t h e  percentage deviat ion of t e r r e s t r i a l  equipment (neutron monitor) 
readings during t h e  same bursts. It i s  apparent t h a t  t he  t e r r e s t r i a l  
equipment readings a re  p r a c t i c a l l y  zero i n  a number of cases, because of 
t h e  tremendous increase i n  t h e  number of primary cosmic rays i n  t h e  s t r a t o 
sphere. 

TABLE 
__ . -

Date of I Time I 

Chromospherd (Universa m s t r  "a,,%

Flare  hr-min 

~ - .  ~~ 

3/17/58 io 25 35 9/3/60 
7/7/58 00 58 40 11/32/60 
5/11/59 20 55 40 11/15/60 
7/10/59 . 02 00 200 11/20/60 
7/14/59 04 00 200 7/18/61 
7/16/59 21 00 2800 7/20/61 
5/4/60 io 15 35 

... _ _  

00 40 70 
13 22 1200 

02 07 500 

7 

09 30 140 

15 50 13 


mde>% 

. - . 

3 

1-30 

80 

5 

12 
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Cosmic-Ray Bursts i n  the  Stratosphere 

B u r s t s  of cosmic rays i n  t h e  s t ra tosphere were detected i n  t h e  USSR, 
and independently i n  t h e  United States ,  i n  1958 during experiments i n  t h e  
s t ra topshere above Murmansk, Minneapolis, and Fort  Churchill.  I n t ens i ty  
of t he  primary component of th.e cosmic rays i n  t h e  Murmansk metering da ta  
w a s  approximakely 2500 times grea te r  than usua l  on March 3 and 40 times 
grea te r  on March 17 and August 8, 1958. There were doubts at f i r s t  as t o  
whether t h e  recorded events were actual1.y due t o  cosmic ray generation on 
t h e  Sun, but  these  doubts were dismissed t h e  following year. I n  July,
1959, t h ree  powerful chromosphere f l a r e s  of  t h e  highest c l a s s  (3+) appeared 
on t h e  Sun, following one a f t e r  t h e  other every few days. The same 
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sequent ia l  nature  w a s  recorded in  cosmic ray b u r s t s  i n  t h e  s t ra tosphere 
producing increases  i n  t h e  primary cosmic ray  component of approximately 
200, 800, and 2800 times (Ref. l)=. Similar r e s u l t s  were obtained by 
Winckler i n  experiments over Minneapolis (Ref. 2) .  Cases are known, 
however, where it i s  d i f f i c u l t  t o  f ind  a so la r  chromospheric f l a r e  match
ing a recorded cosmic-ray b u r s t .  These cases are discussed below. 

The behavior of a cosmic-ray b u r s t  and of i t s  accompanying phenomena 
i s  as follows. I n  most cases t h e  cosmic-ray b u r s t s  axe detected severa l  
hours a f t e r  a chromospheric f l a r e  on t h e  Sun, while approximately a day 
a f t e r  t h e  f l a r e s  magnetic storms, ionospheric per turbat ions and, i n  some 
cases, polar  aurorae begin.  A t  t h e  start of a magnetic storm, or some
what l a t e r ,  t h e r e  i s  a drop i n  i n t e n s i t y  of high-energy cosmic rays.  
This phenomenon i s  customarily ca l l ed  t h e  Forbush decrease. There are 
cases, however, where cosmic-ray bu r s t s  i n  t h e  s t ra tosphere a re  not accom
panied by geophysical phenomena. This i s  o rd ina r i ly  t r u e  of chromospheric 
f l a r e s  at t h e  edge of t h e  s o l a r  d i s c  whose corpuscular streams by-pass t h e  
Earth . /548 

Research i n t o  cosmic-ray bursts i s  of great  i n t e r e s t  i n  connection 
with t h e  general  problem of cosmic ray  generation and the  study of physi
c a l  occurrences on the  Sun. This research i s  a l s o  of p r a c t i c a l  s i g n i f i 
cance f o r  purposes of pro tec t ing  as t ronauts  i n  space from dangerous 
rad ia t ion  during f l a r e s .  

The question of r ad ia t ion  pro tec t  ion of as t ronauts  against  cosmic-
ray  bu r s t s  during f l i g h t s  i n  in te rp lane tary  space may, i n  pr inc ip le ,  be 
solved on the  b a s i s  of t h e  d a t a  amassed on duration, amplitude, and energy 
spectrum of p a r t i c l e s  i n  t h e  burs t s .  Supported by these  data,  we mw say 
t h a t  guaranteed pro tec t ion  against  solar cosmic rays requi res  pro tec t ive  
shieldings,  bu t  t h i s  would lead t o  excessive weighting of space vehicles .  
It i s  therefore  extremely important f o r  space f l i g h t s  i n  t h e  immediate 
fu tu re  t h a t  ways be sought t o  forecas t  cosmic-ray bursts aid t o  pred ic t  
t he  power of t h e  bu r s t  and t h e  nature  of i t s  propagation i n  i n t e rp l ane ta ry  
space. This i s  a new t a s k  whose successful  so lu t ion  requi res  comprehensive 
and systematic study of s o l a r  a c t i v i t y  by astronomical, radioastronomical, 
and cosmic-ray methods. 

Study of Proton Energy Spectrum i n  B u r s t s  

One method of studying t h e  energy spectrum of primary protons i n  
a burs t  i s  t o  measure absorption of t hese  protons i n  t h e  upper atmospheric 
layers  (Ref. 3). The s t ra tosphere i n t e n s i t y  of cosmic rays having a 
ga lac t i c  o r ig in  reaches a maximum a t  a l t i t u d e s  of 16-22 km. A t  higher 
a l t i t u d e s  t h i s  i n t e n s i t y  s ign i f i can t ly  decreases.  During b u r s t s  t h e  stra
tospheric  i n t e n s i t y  of cosmic rays at high l a t i t u d e s  has no m a x i m ,  but  
continuously increases  with a l t i t u d e .  Subtract ing t h e  measured number of 
p a r t i c l e s  a t  d i f f e r e n t  a l t i t u d e s  before  bursts from t h a t  during bu r s t s ,  we 
can p lo t  a so-cal led absorption curve - t h e  number of recorded p a r t i c l e s  
as a f’unction of s t ra tosphere  pressure.  During b u r s t s  radiosondes are more 
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f requent ly  sent  i n t o  t h e  s t ra tosphere,  every two or t h ree  hours i n  some 
cases. This  f'urnishes information on changes i n  t h e  primary rad ia t ion  
spectrum and i n t e n s i t y  with t i m e .  The graphs i n  Figure 1 i l l u s t r a t e  t h e  
type of absorption curves derived from c e r t a i n  measurements during t h e  
b u r s t s  of May 4 and September 3, 1960. The number of double coincidences 
i s  p lo t t ed  on t h e  ordinate  axis, and t h e  pressure i s  p lo t t ed  along t h e  
absc issa  axis. 

The small d i f fe rence  i n  slope of t h e  absorption curves derived at 
d i f f e r e n t  times during t h e  b u r s t s  i s  remarkable, although primary proton 
i n t e n s i t y  changes subs t an t i a l ly  i n  t i m e .  It i s  a l so  surpr is ing t h a t  
t hese  e w e s  a r e  c lose t o  each other  even f o r  independent burs t s .  

The da ta  shown i n  Figure 1 were derived from measurements before t h e  
corpuscular streams of t h e  chromospheric f l a r e ,  during which t h e  cosmic 
rays were generated, began t o  a r r i v e  on Earth. Figure 2 gives t h e  r e s u l t s  
of measuring absorption curves i n  t h e  period a f t e r  capture 'by corpuscular 
streams of t h e  Earth during t h e  f l a r e s  of May 12, Ju ly  12, and Ju ly  15,
1959. The slopes of t h e  s t r a i g h t  l i n e s  drawn through t h e  experimental 
po in ts  a l so  d i f f e r  very l i t t l e ,  bu t  spectrum steepness i s  subs tan t ia l ly  
grea te r  i n  t h i s  case. 

By studying s i m i l a r  absorption curves i n  other  f l a e s  and converting 
them t o  t h e  proton energy spectra ,  we arr ived at t h e  following important 
conclusion. The indices  of proton d i f f e r e n t i a l  energy spectra  i n  t h e  /549
representat ion N/By, i n  t h e  proton energy region of severa l  hundred Mev, 
c l u s t e r  around a value close t o  Y % 3.0 i n  measurements of corpuscular 
f luxes before  t h e i r  a r r i v a l  on Earth from a chromospheric f l a r e  which 
generated' cosmic rays.  The spectrum exponents i n  pos t - a r r iva l  f l u x  mea
surements c l u s t e r  around t h e  value y % 6.0. The inference drawn wzs t h a t  
a 'spectrum with t h e  index Y M 3.0 i s  due t o  protons leaving t h e  Sun and 
di f fus ing  f r e e l y  i n  t h e  in te rp lane tary  medium, while t h e  spectrum with t h e  
index y M 6.0 i s  due t o  an ex t r a  proton stream borne by t h e  magnetic t r aps  
of fast protons. It must be assumed t h a t  these  protons a re  present i n  
so l a r  corpuscular streams i n  order t o  explain t h e  increase i n  proton spec
trum steepness i n  t h e  seccnd s e r l e s  of experiments ( R e f .  4). 

ye w i l l  p ame  on t h e  reasoning underQing t h i s  conclusion. Solar 
cosmic-ray protons, spreading d i f fuse ly  i n  space, a r r i v e  on Earth about 
20 t o  30 hours e a r l i e r  than do t h e  corpuscular streams of t h e  chromospheric 
f lare causing t h i s  burst of cosmic rays.  Long before t h e  a r r i v a l  of 
corpuscular streams on Earth, circumsolar space i s  f i l l e d  with so l a r  cosmic 
rays, bu t  something happens at t h e  in s t an t  t h e  Earth en ters  t he  corpuscular 
streams. The abrupt softening of t h e  energy spectrum - enrichment of t he  
spectrum with low-energy protons and simultaneous increase i n  t o t a l  proton 
f lux  - i s  hard t o  explain i n  any other way than by supposing t h a t  circwn
t e r r e s t r i a l  space contains f r e s h  rad ia t ion  involving t h e  chromospheric 
f l a r e ' s  corpuscular streams. We are  dealing with corpuscular streams of a 
so la r  f l a r e  during which cosmic rays have been generakeed. We may there
fore  imagine t h i s  p ic ture :  Par t  of t h e  cosmic ra,y protons generated during 
t h e  chromospheric f l a r e  leave t h e  Sun and, di f fus ing  i n  the  interplanetary /550 
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medium, reach t h e  Earth. The index of t h e  energy spectrum f o r  t hese  pro
tons  i s  y ;=: 3.0. Another pa r t  of t h e  protons, being trapped by t h e  mag
n e t i c  clouds of corpuscular streams, cannot go out f r e e l y  i n t o  interplane
t a r y  space. These p a r t i c l e s ,  captured by unusual magnetic t r aps ,  a r e  
ca r r i ed  away i n t o  in te rp lane tary  space along with t h e  corpuscular streams 
themselves. An inves t iga t ion  of t h i s  phenomenon c l e a r l y  i s  a l s o  of grea t  
p r a c t i c a l  s ignif icance with respect  to t he  i r r egu la r  concentration of 
r ad ia t ion  i n  space. 

I~ I I I I 

5 1u zu 5l7 1ffU zffo 
p, g .c/V-2 

Figure 1 

Nmber of Coincidences N12 as Function of Pressure (1960). 

1 - September 3, instrument launch 0700 hr;  2 - September 4, 
instrument launch 11 hrs  56 mins; 3 - May 4, instrument launch 
15 hrs ;  4 - May 5, instrument launch 10 h r  20 min. 

The constancy of  energy spec t ra  from f lare  t o  f l a r e  - y ;=: 3.0 i n  t h e  
f irst  series of experiments and y ;=: 6.0 i n  t h e  second - i s  s t r ik ing .  
This means t h a t  t h e  formation of  proton energy spectra,and consequently 
t h e i r  acce le ra t ion  i n  flares, has a s t a b l e  character  and does not depend 
on t h e  various s o r t s  of per turbat ion constant ly  occurring i n  the  atmos
phere of t h e  Sun. Neither does it depend on t h e  s t rength  and diverse  
c h a r a c t e r i s t i c s  of chromosphere eruptions.  

We have u n t i l  now spoken of t h e  spectrum of protons having energies 
of several hundred Mev. B u t  what happens t o  t h e  spectrum i n  t h e  energy 
range above severa l  hundred Mev? It i s  found t h a t  the  slopes of energy 
spec t ra  i n  t h i s  energy region vary f o r  d i f f e ren t  bu r s t s .  The spectra  a re  
def lec ted  a t  y z 6.0. The proton energies,  where t h i s  change i n  spectrum 
steepness s e t s  in ,  d i f f e r  i n  d i f f e r e n t  burs t s .  Qual i ta t ive ly ,  t h e  
exis tence of such a phenomenon follows from t h e  simple f a c t  t h a t  t he re  i s  
no propor t iona l i ty  i n  bu r s t  amplitudes recorded i n  t he  s t ra tosphere 
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Figure 2 

Measured Nmber of Double Coincidences N i a  a s  a 
Function of Pressure (1959)

1 - May 12, instrument launch 12 hours; 2 - Ju ly  
12, instrument launch 11hours 45 minutes; 3 -
Ju ly  15, instrument launch 12 hours. 

and near sea l e v e l  (Ref. 4 ) .  

It i s  na tu ra l  t h a t  t h e  energy range of p a r t i c l e s  generated by t h e  
Sun i s  somehow l imited on t h e  h igh -ene r3  s iee ,  and t h e  physics of t h e  
phenomenon i s  evident ly  such t h a t  t h i s  l imi t a t ion  i n  spec i f ic  cases i s  
d i f f e ren t  for d i f f e r e n t  f l a r e s .  The phenomenon under discussion i s  
i l l u s t r a t e d  by t h e  da t a  on i n t e g r a l  spectra  shown i n  Figure 3. The date,  
place, measurement time i n  hours a f t e r  start  of t h e  corresponding f l a r e ,  
and normalization f a c t o r  K - by which t h e  da t a  must be divided t o  get 
absolute proton i n t e n s i t y  - a re  given below. 

Date 
- 5/4/60 
- 11/15/60 
- 11/15/60 
- 7/18/61 
- 9/3/60 
- 9/3/60 
- 9/3/60 
- 7/12/61 
- 7/D/61

io - 7/12/61 

Time i n  hrs. K 
3-5 12.5 
6 1 
6 1 
8 0.85 
7 0.7 
l2 1 
13 1 
6 8 
10 8 
14 8.5 

Observation S i t e  
Murmansk 
MwmanEk 
Moscow 

Fort Churchill  

Murmansk 

Murmansk 

Fort Churchill  

Mmansk  

Murmansk 

Fort Churchill  
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Figure 3 

I n t e g r a l  Spectra of Protons 

A s  may be seen i n  Figure 3, t h e  i n t e g r a l  spectrum slope f o r  t h e  
burst of May 4, 1960 (I) corresponds t o  t h e  index y - 1 = 2.0 up t o  
proton energies  around TOO Mev. I n  t h e  burst of November 1.5, 1960, 
t h i s  value i s  maintained only t o  energies  of 500 Mev (Curve V). In  
t h e  b u r s t  of September 3, 1960, t h e  spectrum de f l ec t ion  begins at 
proton energies of 200-300 Mev (curve 11), i n  t h a t  of August 18, 1961, 
at energies of 200 Mev (curve 111), and i n  t h e  August 12, 1961, b u r s t  
t h i s  break i n  t h e  energy spectrum probably sets  i n  at energies  below 
100 Mev (curve rV). This statement may be supplemented by  s t a t i n g  
tha t ,  i f  t h e  spectrum becomes s teeper  at proton energies  appreciably 
less than 100 Mev, it i s  not very probable t h a t  such cases  of cosmic 
ray generation w i l l  be  recorded i n  t h e  s t ra tosphere.  This  may possi
b l y  explain t h e  f a c t  t h a t  not a l l  recorded cases  of ga l ac t i c  radio-
noise  absorption, caused by t h e  invasion of t h e  upper atmospheric 
l aye r s  by slow protons of solar origin,  correspond t o  cosmic-ray 
bursts which a re  recorded i n  t h e  s t ra tosphere.  It is, of course, very 
i n t e r e s t i n g  t o  study t h e  described spectrum de f l ec t ion  phenomenon i n  
d i f f e r e n t  bursts as an aspect of research i n t o  c h a r a c t e r i s t i c s  of chrom
ospheric f la res  which generate cosmic rays.  

Diffusion of Solar Cosmic Bay Protons i n  t h e  In te rp lane tary  
Medium. D a t a  on Coefficient of Diffusion. F ie ld  Strength 

i n  Magnetic Nonuniformities. 

The length of time r e p i r e d  for generati-on and shaping of t h e  
cosmic ray  energy and charge spectrum on t h e  Sun i s  t e n s  of minutes,  
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Figure 4 

Solar Cosmic Ray In t ens i ty  as a Function of  Time 

1 - Ioniza t ion  chamber d a t a  according t o  Shmidt 
(Refo 5 ) ;  2 - Neutron monitor d a t a  i n  Chicago, 
( R e f .  6) ;  3 and 4 - d a t a  from s t ra tosphere  measure
ments above Murmansk (Ref. 3) and Fort  Churchi l l  
( R e f .  7), respect ively.  

i n  any case less than seve ra l  hours, but t h e  l i f e t ime  of these  cosmic 
rays  i n  in te rp lane tary  space i s  seve ra l  days. This  f a c t  leads us t o  
t h e  conclusion t h a t  cosmic-ray propagation i n  in te rp lane tary  space i s  
d i f fuse  i n  nature.  The medium through which cosmic-ray p a r t i c l e s  
d i f f u s e  cons i s t s  of magnetic nonuniformities, about whose exis tence i n  
in te rp lane tary  space t h e r e  i s  apparently no doubt. L e t  us determine 
t o  what degree t h i s  concept corresponds t o  t h e  experimental da ta .  It 
may'be seen from Figure 4 t h a t  so l a r  cosmic-ray i n t e n s i t y  varies as a 
funct ion of t i m e .  Along t h e  absc issa  axis i s  l a i d  off  time calculated 
from t h e  beginning of t h e  chromospheric f l a r e  i n  question. The m a x i m a  
of these  measurement f indings a re  in te rcor re la ted .  The s o l i d  l i n e s  
are computed from a formula providing a so lu t ion  of t h e  d i f fus ion  equa
t i o n  f o r  homogeneous space of spher ica l  symmetry. The parameter, which 
w e  vary i n  t h e  formula i n  order t o  descr ibe a l l  t h r e e  experimental 
f indings,  i s  t h e  coe f f i c i en t  of d i f fus ion  D. The values  used f o r  D are 
curve 1 - >.2-lO""cm-"=~ec-~;curve 2 - 3*10"2cm-2 =.see-1 ; and curvc 3 
5.5 10"lem" 0sec-l. Naturally,  such a simple d i f f i s i o n  model can m a k e  no 

pretense of completeness, bu t  t o  r evea l  t h e  basic  f ea tu res  of t h e  pheno- /552 

menon t h i s  s impl i f ica t ion  i s  c l e a r l y  j u s t i f i e d .  Based on t h e  d a t a  

regarding t h e  diffusion coe f f i c i en t  magnitude and t h e  assumption t h a t  

it i s  matched by t h e  d i f f e r e n t  e f f e c t i v e  proton impulses reg is te red  i n  

an ion iza t ion  chamber, by a neutron monitor and i n  t h e  s t ra tosphere,  

equal l ing  approximatdy 15, 5, and 0.5 Bev/oe,we proceed t o  t h e  deduction 




t h a t  t h e  proton s c a t t e r i n g  ran e i n  in te rp lane tary  space depends on an 
impulse approximately l i k e  & ?Ref.  8) 

The d i f fus ion  model a l s o  m a k e s  it possible  to f i n d  t h e  k i n e t i c  
energy borne by  protons generated i n  f lares.  It i s  found t h a t  t h i s  
energy f o r  a moderate s o l a r  f lare i s  - lO"'erg. 

Cosmic Rays Bursts Generated on t h e  Back Side of 
t h e  Solar D i s c .  Radial Solar  Magnetic Fields .  

If, i n  addi t ion  t o  t h e  magnetic nonuniformities i n  which proton 
sca t t e r ing  occurs, i n t e rp l ane ta ry  space a l s o  contains a r a d i a l  s o l a r  
magnetic f i e l d ,  t h e  d i f fuse  propagation of protons from t h e  Sun i n  
in te rp lane tary  space w i l l  be an iso t ropic  i n  nature.  Therefore cosmic 
r ay  bursts or ig ina t ing  on t h e  back s ide  of t h e  Sun, i f  they  a r e  
recorded on Earth at a i l ,  show amplitudes lower than those of 'burs ts  
or ig ina t ing  on t h e  Sun's v i s i b l e  side.  The experimental f ind ings  des
cr ibed i n  d e t a i l  i n  (Ref. 4)  a c t u a l l y  demonstrate t h a t  t h e  amplitudes 
of cosmic ray  b u r s t s  o r i g i n a t i n g  on t h e  v i s i b l e  s ide  of t h e  Sun are 
almost t e n s  of t i m e s  s t ronger  than those  on t h e  s ide  which i s  not 
v i s i b l e .  
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V I 1  

VARIOUS PROBUMS 



IN'L'ERPRETATIONOF RADIATION DATA FROM 

METEOROLOGICAL SATELLITES 


K. Ya. Kondrat'yev 


The utilization of meteorological satellites is of great interest, /555

because they make it possible to enlarge the volume of meteorological 

information received significantly. Expansion of information is very im

portant for improving weather forecasts by the use of presently existing 

methods, but it is even more essential to the development of our concepts 

regarding patterns of weather-forming processes. 


The use of satellites to obtain meteorological information, i.e., 
data on the fields of the basic meteorological elements (atmospheric 
pressure, temperature, humidity, cloudiness, etc.) in the lower layers of 
the atmosphere, is an exceptionally complex assignment. In any instance 
the source of information which may be obtained by equipment aboard the 
satellite is clearly only the radiation field of the Earth's surface and 
atmosphere, since no other physical characteristics can be directly measured 
from the satellite. 

Perhaps the simplest situation is the one involving television and 
photography. Television or photographic cloud-cover pictures are a very 
graphic means of analyzing the patterns of weather-forming processes from 
data obtained by satellites, which contain meteorological information on 
a planetary scale. It is for this very reason that satellite nephoanalysis -
which is at present the chief method of utilizing satellite meteorological 
findings in the weather bureau - has been so extensively and fruitfully 
developed. 

It is at the same time obvious that there are wider possibilities in 

sa-tellitemeteorology. Having at our disposal varied information on the 

radiation field of the Earth as a planet, we can very materially enrich me

teorological information in comparison to the information given by televi

sion or photography. The purpose of this brief survey offered for the 

reader's attention is to clarify those answers to the problem of inter

preting radiation data from meteorological satellites which are suitable 

(approved) in some degree for practical use. It must be emphasized that 

the bibliography on this problem, which is given in this article, makes no 

pretense of completeness. A description of the works published before 1962 

may be found in the author's monograph (Ref. 1) and more exhaustive lists 

of the literature may be found in the pertinent bibliographical publications. 


1. Energetics of Atmospheric Processes /556 


One of the fundamental problems in long-term weather forecasts is the 

necessity of accounting for energetics of large-scale atmospheric processes.

This primarily requires detailed investigations of the patterns of heat 
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Figure 1 


Mean Latitudinal Distribution of Departing Long-wave 

Radiation from "Tiros-2"Data for 26 Hours, Compared 


to Theoretically Calculated Data 


1 - Khotton (annual average); 2 - Ret'yen (winter);
3 - London (winter); 4 - "Tiros-2" (NovemberJanuary);
5 - Simpson (November-December); 6 - Baur and Philipps 
(January). 

redistribution due to radiation processes: the Earth receives energy only 

from the Sun and loses it to space only by radiation. An investigation of 

the distribution of the radiation budget Rs of the terrestrial surface-

atmosphere system over the planet's surface becomes very important here. 

The radiation budget may be defined as 


R,= Qo (1-A,)  -F,. 
Here @ is the arrival of solar radiation outside the atmosphere; As, 

albedo of the terrestrial surface-atmosphere system; F,, departing long-wave 
radiation. Since the magnitude of the solar constant determining the value 
of Qo is sufficiently well-known, we have only to obtain experimental data 
on albedo and departing radiation. This can be done only with satellites. 

Although the accuracy of satellite measurements of departing radiation 

and albedo (particularly the latter) is still very inadequate, the first 

experimental data characterizing Rs and space and time variability As, F, 

have been successfully obtained in the last few years. These data dis

tinctly (in close conformity to information derived from theoretical compu

tations) show that the departing long-wave radiation has a minimum near the 
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Figure 2 


Latitudinal Variation in Departing Long-wave Liz
Radiation from 11Tir~~-411Data (Hemispherical Sensors) 


Area averaged, 48' N-48's. Departing radiation ir, 
periods : Period I - 500 cal.cm-2.day-' (Febrd21-y 8-
April 10, 1962); Period I1 - 501 cal-cz-' -2& 
(April 11-June 10, 1962). 

equator, almost symmetrical maxima in the subtropic zones, an5 then mono

tonically falls off toward the poles. Results of this sort have been ob

tained, for example, by Winston and Rao.(Refs. 2, 3) ("Tiros-2", five-

channel radiometer, Figure 1) and also by Suomi and House (Ref. 4) ("Tiros-4",

hemispherical departing-radiation sensors, Figure 2). 


The main factors in the dep-rting-radiation latitudinal distribution 

are cloudiness and Earth surface tclperature. Thus, for example, the peak 

values of departing radiation in the subtropic zones are caused by the high 

terrestrial surface temperature 2nd comparatively slight cloudiness. The 

rather considerable discrepancy between measured and calculated results is 

noteworthy. 


The latitudinal dependence of albedo is almost the mirror image of 

variability in departing radiation. The cause of this is cloudiness (Figure 3 

fromkef. 41). The broken lines in Figure 3 describe the possible effect of 

measurement errors. The average latitudinal radiation budget distribution 
of the terrestrial surface-atmosphere system is asymmetrical with respect 
to the equator. Therefore, the transition from a positive budget in low /558
latitudes to a negative budget in high latitudes occurs in different lati
tudinal belts of the Northern and Southern hemispheres (Figure 4 from 
[Ref. 41). 

Astling and Horn (Ref. 5) used measurement data from the meteorological 
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Figure 3 


Latitudinal Variation in Albedo from "Tiros-4" 

Data (Hemispherical Sensors) 


Area averaged, 48ON-480S. Albedo in periods: 
Period I - 28.9$, reflected radiation 598 
cal'cm- 2*day- (February 8-April 10, 1962); 
Period I1 - 37.27%reflected radiation 500 
cal-cm'2.day-1 (April 11-June 10, 1962). 

satellite "Tiros-2" gathered on twenty-seven days between November 26, 1960, 
and January 6, 1961, to plot the 'average latitudinal distribution of de
parting long-wave radiation for the entire surface of the Earth and for the 
continents and oceans separately. The measurement data adeJua-tely encom
pass the latitude zone between 50°N and 50°S, with the exception of part 
of Central Asia and the northern part of South America, including adjacent 
water areas of the Pacific and Atlantic Oceans. The original data f o r  each 
day (no less than ten values used) were averaged over squares of 2.5' lati
tude with one side on-he equator, and then were employed to compile maps of 
geographical distribution of departing radiation for each of the twenty-
seven days. All the measurement data pertain to angles of no less than 56) 
relative to the nadir. The averaged meridian profiles of the departing 
radiation are calculated by taking the departing radiation values from the 
charts mentioned (7269points), where the mean latitudinal radiation values 
are figured for latitude belts 5' wide. 

The departing-radiation profile derived from all the measurement data 
reflects, as in the aforementioned (Ref. 2, 3), a minimum near the equator, 
maxima in the warm and relatively cloudless subtropic zones, and a decrease 
in departing radiation with a further rise in latitude. The absolute values 
of departing radiation prod6d to be less - particularly in the pN-10 S zone -
than those found earlier from data measured by the satellite "Explorer-7" 
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Figure 4 


Latitudinal Variation in Radiation Budget from Data 

of "Tiros-4" (Hemispherical Sensors) 


1 - Simpson (March-May, 1928); 2 - London (fall and 
spring, 1957); 3 - "Tir0s-4~'(March-May, 1962). 

and actinometric radiosondes. This discrepancy can apparently be attri
buted to inaccurate allowance for the effect of darkening toward the edge 
of the planet's disc in processing the "Tir0~-2"data (departing radiation 
measured at a large angle with respect to the nadir turn out to be under
estimated, compared to the corresponding "subsatellite" values, due 
to a darkening phenomenon). This inference is corroborated by the under
estimation of the departing-radiationvalues, averaged over all the measure
ment data, which is revealed by a comparison with the average values ob
tained by selecting data pertaining to nadir angles of less than 26O. 
Since, however, even the"subsatellite" departing-radiation values from 1559 
the "Tiros-2"data are less than those from "Explorer-7", it is assumed 
that one reason for the divergence is also the difference in equipment 
calibration on these satellites. According to the data for nadir angles 
of less than 2 6 O ,  the departing-radiationvalues in the zones of sub
tropical maxima (15-25°N, 10-35"s)are about 480 cal-em-2.day-1. 

A substantial difference between the meridian profiles of departing 
radiation belonging to continents and oceans was detegted. If an abrupt 
departing-radiation minimum is observed in the 5ON-15 S latitude band over 
the continents, over the oceans this $nimum is more weakly marked and 
shifts in a latitudinal range of 5-10 . Apparently the shift in the 
minimum region 0ve.r the continents to the south was due to cloudiness 
associated with the intratropical convergence zone. Another important 
difference occurs in subtropical regions and involves the effect of the 
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Figure 5 


Planetary Distribution of Effective Temperatures 

Measured by "Tiros-3" (Channel No. 2) in the 

Period from July 12 to September 10, 1961 


Darkest shading - T > 29YK; Lightest shading -
T < 255OK. 

underlying surface temperature in these relatively cloudless regions: over 
the oceans ( small temperature variation) the departing-radiation values in 
both hemispheres are approximately 500 cal-em-2-day'1 in subtropical zones; 
the corresponding values over the continents are 540 cal.em-2*day- (summer 
hemisphere, high temperatures) and 475 cal*cm'2 .day-' (winter hemisphere, 
low temperatures). 

The data obtained in (Ref. 5) on variability in the departing radiation 
relative to the average values shows that the variability is more sharply 
pronounced over the continents. An attempt to use the data of 1tTir~~-211 
to estimate the average value of departing radiation and albedo for the 
Earth.asa whole - while employing calculated values for the high latitudes -
has led to an average planetary departing-radiation value of 0.311 cal
"in' l, and an albedo of 0.38. It should be noted that the albedo value 
usually adopted is 0.34, while the "Explorer-7" data resulted in a value 
of 0.33. This discrepancy can be attributed to the limited (in time) volum-. 
of data.employed. Therefore, there is an obvious necessity of compiling 
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Figure 6 


Synoptic Radiation Chart. Geographic Distribution of 
Departing Radiation in Atmospheric Transmittance Window (7.5-13.5 1-1 ) 

132nd revolution, July 21, 1961; 15:45-16:02Greenwich time. 


further satellite observations. 


2. Identification of Cloudiness 


Thermal (infrared) radiation is known to be determined by the tempera

ture of the emitting object. The general rule that the upper cloudiness 

boundary is colder than the Earth's surface opens up opportunities of identi

fying the cloud cover by measurement data on departing infrared radiation. 

To illustrate this deduction, let us adduce the results obtained, for ex

ample, by Rasool (Ref. 6), who processed measurement data on departing 

radiation in the atmospheric transmittance window (wave length of 8-12~ 
) 
as obtained from the "Tiros-3"meteorological satellite from July to Septem

ber, 1961, to study cloud cover distribution on the night side of the 

Earth (Figure 5). It was found that the geographic distribution of the 

effective radiation temperature in.thiswindow, averaged over squares of 
10' latitude by l o o  longitude, and from 06 to 18 hours local time, clearly 

747 




Figure 7 


Geographic Distribution of Departing Radiation in 
Transmittance Window (7.5-13.5u ) ; November 27, 1960, 

about 15 hours, Moscow time. 

reflects the features of planetary cloudiness distribution: (1)a belt of 

relatively low temperature near the equator matches the zone of elevated 

cloudiness observable in this region; (2) subtropical bands of high 

effective temperatures on both sides of the equator characterize the rela

tively unclouded subtropical zones; (3) the exceptionally low effective 

temperatures in regions of Eastern Pakistan and India indicate great 

cloudiness there with a high upper boundary. 


It is well known that cloud distributions represent good indicators 

of weather-forming processes. This means that the most typical meteoro

logical systems should be easily identifiable from the radiation field 

distribution. There are at present extensive data confirming this in

ference and providing a basis for speaking of the development of a new 

research discipline, which may be called radiation synoptics. 


One of the clearest examples, illustrating the appearance of hurri

cane "Anna" in a radiation field of different wavelengths, has been analyzed 
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by Bandeen et al. (Ref. 7). These authors studied properties of the de

parting-radiation field in various spectral regions in the locale of 

hurricane " h a "  from data measured by the five-channel radiometer of 

"Tiros-3" on July 12, 1961. It was found that the hurricane stood out 

very distinctly in the field of infrared departing radiation as a zone of 

profound minimum radiation, caused by cloudiness with a high and cold 

upper limit in the hurricane's center. This may be clearly seen in 

Figure 6, which represents the field of departing radiation in the atmos

pheric transmittance window at 7.5-13.5 p. Figure 6 also indicates the 

effective (radiation) temperatures corresponding to different isolines. 

It can be seen that the temperature at the hurricane's center falls to 

220°K. 

V. G. Boldyrev (Ref. 8) has studied an example of "radiation'' analy
sis of a synoptic situation on United States territory on November 27,
1960. This example (Figure 7) demonstrates that in the case in question 
three minima of departing radiation cover the center of the cyclone, and 
the maximum region in the Gulf of Mexico corresponds to a cloudless zone. 
Winston and Rao (Ref. 3) have shown that the departing longwave radia- /562
tion field closely represents the features of weather-forming processes 
in different regions of the globe. Intratropical conversion zones, for 
example, are clearly apparent. In the temperate latitudes of the Northern 
Hemisphere, the regions of minimum departing-radiation values correspond 
to regions of cyclones and fronts, while their maximum regions coincide 
with the location of cold anticyclones in the west-east transfer zone 
and of subtropical anticyclones to the south of this zone. 

A very interesting and successful experiment to obtain infrared 

images of the cloud cover on the nightside of the Earth was effected with 

the satellite "Nimbus-A" carrying a scanning radiometer of high resolving 

power, with peak sensitivity around 4-microns at the transmittance "window". 


In view of the possibility of obtaining infrared images of cloud 
covers, it is of interest to examine the conditions under which the solu
tion of this problem is simple and, on the other hand, to delineate the 
cases in which an interpretation of the data may be erroneous. This may 
be the case in inversion stratification of the atmosphere, when the Earth's 
surface may be colder than the upper cloud limit or when the terrestrial 
surface-cloud temperature contrasts are very small. Such situations are 
typical of high latitudes, particularly in wintertime. To analyze such 
situations, the author and N. Ye. Ter-Markaryants (Ref. 9) studied the 
annual pattern of temperature differences AT between the Earth's surface 
and the upper cloud boundary in different climatic zones and different 
cloud layers. Figure 8 illustrates this with data referring to Moscow. 
This figure clearly shows how complex the problem of identifying cloudi
ness from measurement data on departing longwave radiation may be in winter. 

As M. S. Malkevich has shown (Ref. lo), an important role in ob- /563
taining reliable results in such cases may be played by measurement dataon 
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Figure 8 


Annual Course of Temperature Differential at Surface 

of Earth and Upper Cloud Boundary 


1 - Lower level clouds; 2 - Upper level clouds (d- day; 
n- night). 

infrared departing radiation, both in the transmittance window and in absorp

tion bands. The brightness contrasts between the atmospheric window and the 

absorption band will obviously be greatest at the surface of the Earth 

and should diminish with increased cloud height, as is evidenced in 

Figure 9. Even should terrestrial-surface and upper-cloud-limittempera

tures be identical, the use of these contrasts helps to distinguish the 

clouds from the surface of the Earth. 


3. Cloud Temperature and Altitude, Troposhpere Humidity 


Radiation from the Earth’s surface (or from the upper cloud limit) 

makes the chief contribution to departing radiation in transmittance 
llwindows”. Therefore, the measurement data on departing radiation in the 
“windows”makes it possible to ascertain surface temperature. The correc
tion of measurement resultswhich exclude the effect of the atmospheric 
layer above the radiating surface is d very great significance. The 
airplane measurements of V. L. Gayevskiy and Yu. I. Rabinovich (Ref. lo) 
demonstrated that these corrections may go as high as 15’ in 8-12-micron 
windows, for the water vapor content in 3.6 em of atmosphere (these experi
ments gave substantially smaller correction values than did theoretical 
computations). It was found that correlation graphs could be plotted 
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Figure 9 

Spec t ra l  Dis t r ibu t ion  of Absolutely Black Radiation 
from Cloud Apexes ( I )  and Longwave Departing Radiation 

(7-32 microns) with Upper Cloud Boundary zo a t  
Different  Al t i tudes  (11) 

1 - zo = 0, Ea r th ' s  surface,  T = 273OK; 2 - lower-level 
clouds, T = 273OK; 3 - middle-level clouds, T = 250°K;
4 - upper-level clouds, T = 223OK. 

showing t h e  dependence of correct ions on t h e  e f f ec t ive  ( r ad ia t ion )  surface 
temperature with t h e  use of only one parameter - moisture content i n  t h e  
atmospheric l aye r .  Thus, knowing moisture content we may determine t h e  
cor rec t ion  and t h e  t rue  surface temperature from the measured e f f ec t ive  
temperature (allowance f o r  t h e  e f fec t  of ozone, which i s  required i n  i n t e r 
pre t ing  s a t e l l i t e  measurement data,  may be made by employing t h e  f ind ings
of t h e o r e t i c a l  ca l cu la t ions ) .  

Another method of allowing f o r  the  intermediate atmospheric layer ,  / 5 6 5
based on t h e  in t roduct ion  of a so-called t r a n s f e r  function, has been sug
gested by M. S. Malkevich ( R e f .  10). A t r a n s f e r  funct ion i s  defined as 
t h e  r a t i o  of t r u e  surface r ad ia t ion  t o  r ad ia t ion  of an absolutely black 
body a t  the  temperature of t he  surface,  and i s  dependent only on t h e  amount 
of w a t e r  vapor i n  t h e  atmospheric layer .  

Deterinination of t h e  upper cloud-boundary temperature makes it poss ib le  
t o  f i n d  cloud a l t i t u d e ,  i f  t h e r e  i s  any information on the  v e r t i c a l  tempera
t u r e  p r o f i l e .  F r i t z  and Winston ( R e f .  11) have developed a method f o r  
solving such a problem based on t h e  use of isotherm char t s  f o r  t he  700, 
500, and 300-mb l eve l s  prepared by the  National Weather Analysis Center of 
t h e  United S ta t e s .  The surface char t  can be p lo t ted  from the  da t a  of ordin
ary weather observations.  The r e s u l t s  thus derived have i n  many cases 
proved t o  b e ' q u i t e  s a t i s f ac to ry .  
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Figure 10 


Nomograms for Computing Underlying Surface Temperature and Relative Humidity 
Diagrams for: a - standard atmosphere 1 (Air Research and Development Command); 
b - subtropical atmosphere 2; c - tropical atmosphere 3. 
1 - Channel No. 1 (5.6-6.8microns); 2 - Channel No. 2 (7.5-13.5microns);
3 - Difference in readings (12-32.5microns) 



Maller (Ref. 12) proposed a simple method of determining Earth-surface 

(or upper cloud-limit) temperature and relative humidity. This method is 

based on the use of observational data from the "Tiros" satellites. 


Having at our disposal calculations of the departing radiation for 
the spectral regions 5.8-6.8microns (channel No. 1 of the "Tiros" five-
channel radiometer), 8-13microns (channel No. 2), 7.5-32.5microns 
(channel No. 4), 12-32.5microns (difference of readings between channels 
No, 4 and 2), we may plot isolines of computed departing-radiation (or 
effective-temperature) values in the coordinate system of surface tempera
ture-relative humidity (Figure loa-e). If relative humidity is plotted on 
the ordinate axis and surface temperature on the abscissa axis, then the 
isolines pertaining to channel No. 2 are practically parallel to the 
ordinate axis. Having measured departing radiation (effective radiation 
temperature), we may therefore use the mentioned diagram to find the sur
face temperature reading. After that, with the known surface-temperature 
value at our disposal, we may determine relative humidity of the top half 
of the troposphere from the isolines for channel No. 1. The difference in 
radiometer readings between channel No. 4 and channels No. 1, 2 gives the 
relative humidity value of the lower part of the troposphere. 

Raschke (Ref. 13) showed that the above isolines should be plotted for 

the various atmosphere models pertaining to definite latitudinal belts and 

should be then applied to specific observational conditions (Figure 10 

gives diagrams for standard, subtropical, and tmpical atmospheres). Let 

us exaciine an instance where the method proposed by Maller is applied. 


Let us assume that the following effective-temperature values have 

been derived from observational data: 


Channel Teff, OK 

1 237.5 2 2.5 
2 272.5 + 2.5 

(4-2) 257.5 5 2.5 

Making use of the set of three diagrams constructed by Raschke for 

the three'atmosphericmodels, we can compile a table. 


As is evident, when changing from model 1 to model 3, the surface tem

perature decreases slightly, while relative humidity rises. 


If we assume that in the case under consideration the Earth's surface 
is covered with clouds, we will then, by adopting values of 1 0 ° C  for the 
upper cloud-boundary temperature, obtain the upper boundary located at /566 
the following levels, depending on the atmosphere model chosen: 
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Atmosphere Level of 

Model Upper Cloud Limit 


(pressure, mb) 


1 930 
2 770 
3 650 

This table shows that the atmosphere model selected when determining 

cloud altitude is very important. Rasool (Ref. 6) suggested a method for 

determining cloud altitude which resembles this in concept. In order to 

cbtain a numerical interpretation of measurement data, Rasool computed the 

effective temperatures in the transmittance window for ten cloudless atmos

pheric models belonging to ten latitudinal belts 10' wide, ranging from 

50°N to 50"s. Similar calculations have also been made for differing 

cloudiness conditions (varying degree and altitude of clouds). From the 

computational data mentioned, the dependence of effective temperatu-re 

differences and Earth-surface temperatures on degree of cloudiness have 

been plotted for various atmospheric moisture contents (cloud altitude 

serves as a parameter of the dependence). With information on Emth-sur

face temperature, degree of cloudiness, and atmospheric moisture conterrt, 

these data may be used for approximately evaluating cloud temperature (and 

altitude of upper boundary) from data on effective temperature measured by 

satellites. The use of climatic data for temperatures of the underlying 

surface has enabled us to study the latitudinal dependence of the dif

ference between effective temperature measured and the surface temperature 

for day and night. 


Using the known latitudinal distribution of daytime cloudiness (ob

tained by satellite television data) and using the above-mentioned rela

tionships, we can derive information on the average 1atitJdinal distribu

tion of the upper nightime height of the cloud boundary, and on the lati

tudinal distribution of degree of cloudiness. A comparison of the average 

daytime and nightime latitudinal distributions of degree of cloudiness shows 

that in the Southern Hemisphere the nightime cloudiness is significantly 

greater than during the daytime. In the Northern Hemisphere, on the con

trary, the nightime values are approximately 20% less than the daytime 

in the 20-40' latitude zone. It must, however, be stressed that these 

results were obtained on the assumption that cloud altitude for the given 

latitudinal zone does not change from day to night (which may be regarded 

as debatable). 


V. L. Gayevskiy and L. N. Guseva (Ref. 10) have discussed the possi
bilities of determining upper boundary altitude of the cloud cover from 1567 
data on cloud radiation temperature measured from a satellite, when verti
cal temperature distribution is unknown and therefore a certain average 
value of the vertical temperature gradient must be employed. For this pur
pose, computations have been made of the vertical temperature gradient in 
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TABLE 


Atmosphere 

Channel Model 


1 and 2 


2 and (4-2) 


Surface Relative 
Temperature, .Humidity, 

O C  % 

+9 40 
+8 45 
+7 55-+7 
+6.5 
+6 22 

the layer from the Earth's surface to the level of the upper cloud limit, 

using data from airplane soundings in the Leningrad region (923 cases 

examined in all). It has been shown that in 80% of the cases the verti

cal temperature gradient is from 0.4 to 0.75degrees per 100 meters, and 

only when there were stratified clouds was this range significantly wider 

(from -0.1to 0.9 deg/100 m). If it is assumed that the vertical tempera

ture gradient is 0.55 deg/100 m, then the error in determining the alti

tude of clouds whose upper limits are at 7 and 3 km will be 1 and 0.5 km, 

respectively, and will be greatest for stratified clouds. It has been 

noted that, based on the measuremental findings on cloud-surface radiation 

temperature, its values may differ by 3-10°C from the actual air tempera

ture at this level. Such great differences restrict the application of 

the examined method for determining altitude of upper cloudiness boundary. 

The above errors may be considered in line with reality only for clouds 

whose thickness is not less than 400 m. Such clouds may be distinguished 

by means of satellite photographs of the cloudiness. The terrestrial 

surface temperature readings may be found from satellite data on radiation 

in the spaces between clouds. 


As Rao and Winston (Ref. 3) have shown, one serious obstacle to 

finding upper-boundary temperature and altitude of clouds occurs when 

clouds of different levels are simultaneously observed. It is also possi

ble to ascertain the upper-boundary altitude of cloudiness from data on 

solar radiation absorption due to the 0.76-micron oxygen absorption band 

in the atmosphere layer above the cloud. Such a method has, however, not 

yet been tested in practice. 


4. Vertical Movements 


Cloudiness fields as a rule,but by no means in all cases, coincide with 

zones of ascending temperature movements, while descending streams are 

most often observed in cloudless regions. Therefore, the derivation of 

information on cloudiness makes it possible at the same time to characterize 
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the field of vertical movements, at least in broad outline. This was 

convincingly demonstrated by Sh. A. Musaelyan (Ref. lo), who discovered 

a linear connection between coefficients of the Fourier series which 

define the fields of vertical movements in cloudiness. 


Shenk (Ref. 14),'after deriving a correlative relationship between 

surface temperature under a cloudless sky and departing radiation in the 

8-12micron transmittance window, utilized measurement data on the differ

ence between departing-radiation fluxes under cloudless and cloudy skies 

to determine the characteristic temperature differences between surface 

of the Earth and upper cloud limit and, hence, the vertical temperature 

gradient. Since the vertical temperature gradient is the index of the 

nature of vertical movements, the opportunity therefore arises of deriving 

information on vertical movements from measurement data on departing 

radiation. Since, furthermore, vertical movements are associated with the 

meridian component of atmospheric circulation, it is also possible to 
determine this value. It is essential that the correlation between the 
difference in departing-radiation fluxes and vertical velocity be linear. 
For levels of 700, 500, and 300 mb the correlation coefficient is, re
spectively, 0.768,0.569, and 0.564. The poorer correlation for the /568
higher levels is caused by less computational accuracy in these instances. 
A linear correlation has also been detected between the difference in 
departing-radiation fluxes and the magnitude of the meridional component 
of wind velocity. 

The simplest cases of satellite meteorology involving the determina
tion of various meteorological parameters from measurement data on de
parting radiation have been mentioned above. At present the feasibility 
is being extensively discussed of more thorough utilization of observa
tional data and, in this connection, the effectuation of new experimental 
programs to derive information on the vertical profiles of temperature, 
water vapor, and ozone; on wind fields and atmospheric pressure, location 
of aerosol layers, etc. A l l  these problems, however, are still in the 
development stage. 
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RADIATION SAFETY PROBLEMS IN SPACE FLIGHTS 

V. Ye.  Nesterov, N. F. Pisarenko, 
I. A. Savenko, P. I. Shavrin 

The matter of r ad ia t ion  sa fe ty  i n  space f l i g h t s  i s  one of t he  
important problems a r i s i n g  i n  t h e  conquest of space. Despite the  large 
number of experiments i n  t h i s  general  area i n  recent  years,  t he re  has 
been i n s u f f i c i e n t  study of many aspects  of t h i s  problem. 

A s  t h e  reader  knows, r ad ia t ion  danger i n  space i s  caused by th ree  
basic  types of ion iz ing  r ad ia t ion :  

primary cosmic rad ia t ion ,  

radia , t ion of t h e  Ea r th ' s  r ad ia t ion  be l t s ,  and 

radia,t ion generated during major chromospheric f l a r e s  on the  Sun. 

Let us take  a more de t a i l ed  look a t  ea.ch of t hese  types of radiakion. 

Primary Cosmic Radiation 

According t o  Soviet space rocket daka (Ref. 1, 2)  t h e  i n t e n s i t y  of 
ga l ac t i c  cosmic r ad ia t ion  i n  space f l u c t u a t e s  from 2 t o  4.5 particle-em-"* 
vsec-l depending on t h e  eleven-year cycle of s o l a r  a c t i v i t y .  I n  years  of 

m a x i m u m  s o l a r  a c t i v i t y  t h e  dosage from t h i s  r ad ia t ion  i s  15 mra,d per  day, /569 
o r  about 5 rad per  year.  In-be period of minimum s o l a r  a c t i v i t y  t h i s  
dose increases  by a f a c t o r  of 2 to -2 .5 .  The amount of t h i s  dose depends 
s l i g h t l y  on t h e  sh ie ld ing  provided by t h e  spaceship frame, due t o  t h e  
powerful pene t ra t ing  capaci ty  of primary r ad ia t ion .  . 

When, however, t h e  components of primary r ad ia t ion  h i t  such a la rge  
object  as t h e  human body a "mult ipl icat ion" of t h e  incident  beam w i l l  be 
observed i n  t h e  large objec t .  If w e  approximately s t i p u l a t e  t h a t  t he  
in t e rac t ion  of primary r ad ia t ion  with t h e  human body i s  similar t o  t h a t  
with t h e  Ea r th ' s  atmosphere, then t h e  a - l t i t u d i n a l  dependence of ioniza.
t i o n  i n  the  atmosphere ma,y be used t o  evaluahe t h e  average t i s s u e  dose 
increase i n  t h e  body. This  f a c t o r  leads t o  a dosage increase of a t  
lea.st two t i m e s .  I n  order  t o  convert from a phys ica l  dose i n  rads  t o  a 
biologica.1 dose i n  rems, t h e  former must be multiplied by an RBE 
(rela , t ive b io log ica l  e f fec t iveness)  coe f f i c i en t .  The RBE coef f ic ien t  
fo r  primary r ad ia t ion  i s  not a,t present p rec i se ly  known, but it i s  c l ea r ly  
subs t an t i a l ly  g rea t e r  than uni ty .  I ts  poss ib le  value according t o  the  
da,ta of d i f f e ren t  authors,  va r i e s  from 4 t o  7. 

The poss ib le  value of a dose of primary cosmic radiakion thus w i l l  
amount t o  10-25 rad per  yea.r o r  (IIBE 4) t o  40-100 rem per  yea,r, 
depending on t h e  period of s o l a r  a c t i v i t y .  Exis t ing medical r u l e s  permit 
an i r r a d i a t i o n  dose of no more than 5 r e m  per  year (Ref .  3 ) .  It i s  



i n t e r e s t i n g  t o  note t h a t  92% of t h e  b io log ica l  dose i s  derived from the  
heavy component ( Z  3 10) of primary ra.diation. 

Thus, t h e  question of evaluat ing ra.diation danger from primary 
cosmic ra,diation i s  now passing from phys ic i s t s  t o  rad iobio logis t s  and 
medical men. With i t s  extreme importance t o  long-lived o rb i t i ng  space 
s t a t ions  and f l i g h t s  on t h e  Earth-Mars-Earth and Earth-Venus-Earth 
t r a j e c t o r i e s ,  it i s  e s s e n t i a l l y  reduced t o  t h e  p o s s i b i l i t y  o r  impossi
b i l i t y  of chronic i r r a d i a t i o n  of pa r t i c lpan t s  i n  such a space f l i g h t  by 
doses of 1-2 rad or 4-8 r e m  per  month. 

Radiation Zones of t h e  Earth 

The energet ic  proton component and hard e lec t rons  of t h e  Ea r th ' s  
rad ia t ion  zones have remained u n t i l  r ecen t ly  a source of gra,ve ra.diation 
danger t o  f l i g h t s  i n  c i r cumte r re s t r i a l  space. I n  space vehicle  f l i g h t s  
on e l l i p t i c a l  and c i r c u l a r  o r b i t s  with an a.pogee from 300 t o  2000 km, 
p r a c t i c a l l y  t h e  e n t i r e  dose w i l l  be co l lec ted  i n  t he  region of t h e  
Brazi l ian anomaly i n  t h e  Western Hemisphere. 

A de t a i l ed  study of t h e  ra,dia.tion environment i n  the  ra.dia.tion 
zones was ca r r i ed  out during 1960-1964 with equipment instal led.  on more 
than 30 spacecraf ts  and sa . t e l l i t e s  of t he  "Kosmos" s e r i e s  and the  
"Elektron" s c i e n t i f i c  space s t a t ions .  

The r e s u l t  of t h i s  research w a s  t h e  compilation of char t s  showing 
t h e  planetary d i s t r i b u t i o n  of absorbed dosages and r ad ia t ion  f luxes  a t  
d i f f e r e n t  a l t i t u d e s ,  as w e l l  as a determina,tion of t h e  t o t a l  doses 
which would be reg is te red  within t h e  spacecra.ft during f l i g h t s  a,long t h e  
various o r b i t s .  The t a b l e  below gives some r e s u l t s  of these  measurements. 
These data, have been converted t o  Jamuary, 1965, and r e f e r  t o  e l l i p t i c a l  
o rb i t s ;  perigee a l t i t u d e  i n  a . l l  cases w a s  300 km, and orbita.1 inclina.t ion 
w a s  6 5 O .  The dosage f o r  c i r c u l a r  o r b i t s  must be increased by a. c e r t a i n  
f a c t o r  c lose  t o  2. 

The tabula ted  da ta  show tha.t r a d i a t i o c  for-r:ed i n  the  rad ia t ion  zones 
a f t e r  t he  atmospheric nuclear explosions of 1962, i n  addi t ion t o  primary /570 
cosmic r ad ia t ion  and t h e  proton component of t h e  rad ia t ion  be l t s ,  makes a 
subs t an t i a l  contr ibut ion t o  the  instrument readings.  By the  end of 1963, 
t he  number of art if  :ic.l:,.lly trapped in jec ted  p a r t i c l e s  ha.d diminished 
approximately by a f a c t o r  of t en .  By the  end of 1954, thi:, quant i ty  a t  
a l t i t u d e s  a.bove 1000 k m  had apparently furtli;.:~. decreased by no more than 
a f a c t o r  of 1.5,  while at lower a,ltitud.es t h e  i n t e n s i t y  had f a l l e n  s i g n i f i 
cant l y  . 

The t abu la r  f ind ings  were u t i l i z e d  i n  evaluat ing the  rad ia t ion  s i tua 
t i o n  on t h e  f l i g h t  t r a j e c t o r y  of spacecraf t  "Voskhod-2". The f l i g h t  o r b i t  
reached 495 km a t  apogee and 173 km a.t perigee with an inclina,t ion of 65". 
According t o  these  data ,  t h e  dose wi th in  t h e  spacecraf t  should have been 
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50 t o  70 myad per  day. On-board measuremcnts i n  f l i g h t  Gave an absorbed 
rad ia t ion  dosage f o r  both cosmonauts (P. Belyayev and A. Leonov) of 60 mrad. 
The metered values  were i n  good agreement with t h e  calculated values.  Both 
cosmonauts received the  very same dose. 

Number i n  
Order 

Apogee 
Al t i tude  , 

km 

Daily dosage by na tu ra l  
and a r t  if i c i a l  ra?ia,tion 
zones and cosmic rad ia-
t i o n ,  rad 

. .  

L 300 0.012 
2 400 0.025 

3 500 0.070 

4 600 0.150 

5 700 0.300 

6 802 0.600 
7 900 1.000 
E 1000 1.800 

9 1509 6.000 

10 2000 30. ooo 

T" 

.. 

Daily- dosag6 by-natur
a l  ra.diation zones and 
cosmic ra6ia.tion, rad 

0.012 


0.025 


0.050 


0.070 


0.100 


0.200 


0.300 


0.700 


The study of t h e  r ad ia t ion  zones a t  grea t  a l t i t u d e s  and, pr inc ipa l ly ,  
a more de ta i led  determination of t h e  spatia.1 loca t ion  of t h e  energet ic  
proton and e l ec t ron  components represent  a very urgent task.  It must be 
noted tha.t t h e  experimental f indings received from t h e  "Elektronl' satel
l i t e s  a r e  of grea t  s c i e n t i f i c  and p r a c t i c a l  s ign i f icance  i n  s e t t l i n g  
questions of r ad ia t ion  sa fe ty  i n  spacecraf t  f l i g h t s  near Earth.  These were 
t h e  f i r s t  da ta  enabling us  t o  compile cha r t s  of t h e  planetary d i s t r i b u t i o n  
of rad ia t ion  up t o  d is tances  of 60,000 km. 

It i s  extremely important t o  note t h a t ,  besides the  dose which can 
be received ins ide  the  spaceship and which comes ch ie f ly  from the  hard 
component of trapped radiakion, t he  danger i s  very grave when the  cosmona,ut 
i n  a spacesui t  operates  i n  zones where t h e r e  are even s o f t e r  ra.diation com
ponents. Thus, e l ec t ron  f luxes  of an average energy of hundredsof kev i n  
t h e  ma,gnetosphere reach values  of 1 erg-cm ssec-l ,  and can i n  time amount 
to 100 ei-g.cm-2 =sec-l i n  t h e  aurorae po la r i s  regions.  Such i r r a d i a t i o n  can 
damage t h e  spacesui t  material and endangers t h e  l i f e  of a cosmonaut ou ts ide  
the  spacecraf t .  



Solar  Cosmic Ray Bursts 

The main r ad ia t ion  danger during long space f l i g h t s  involves radia
t i o n  generated during large-scale  chromospheric flares. This phenomenon, 
discovered during t h e  l a s t  s o l a r  a c t i v i t y  cycle, has been studied very 
l i t t l e  i n  many respec ts .  The t i m e  behavior of t h e  d i f f e r e n t  energet ic  
r ad ia t ion  components, t h e  spec t ra  and i n t e g r a l  f luxes,  t h e  angular d i s t r i 
butions, and seve ra l  o ther  cha rac t e r i s t i c s  have been qu i t e  inadequately 
invest igated.  

All of t h i s  prevents a de f in i t e  determination of t he  l e v e l  of possible  
ra.diation in jury  i n  f l i g h t  during a burs t .  I n  the  most powerful flares 
(February 23, 1956, May 10, 1959, August 10-16,1959, November 12-15, 1960)
t h e  possible  i r r a d i a t i o n  dosages f o r  a man i n  a spacecraf t  behind severa l  
grams of sh ie ld ing  pe r  square centimeter i s  100 t o  1000 rad.  

From the  f ind ings  ava i lab le  a t  present ,a  t a b l e  of s o l a r  f lare charac
t e r i s t i c s  h a s  been compiled f o r  t h e  last so l a r  a c t i v i t y  cycle t o  enable US t o  
determine the  degree of r ad ia t ion  da.nger and t h e  probabi l i ty  of rad ia t ion  
in jury  when en ter ing  a bu r s t .  

During m a x i m u m  s o l a r  a c t i v i t y ,  t he  probabi l i ty  t h a t  a spacecraf t  w i l l  
h i t  upon a period of major so l a r  f l a r e  occurrence - for example, l i k e  the  
f la re  of November 12-15;, 1360 - i s  about 15%. In  a period of minimum so la r  
a c t i v i t y  t h i s  p robab i l i t y  i s  subs t an t i a l ly  reduced. We are a t  present 
observing a s o l a r  a c t i v i t y  m i n i m u m .  Subsequently, s o l a r  a c t i v i t y  w i l l  r i s e  
a.nd reach i t s  pea.k i n  1968-1970. 

The p robab i l i t y  of a space vehicle  en ter ing  a f l a r e  may be reduced i n  
prac t ice  by forecas t ing  ra ,diat ional ly  dangerous so l a r  f l a r e s ,  but,  because 
of a, lack of experimental da.ta, forecas t ing  methods a r e  a t  the  very 
beginning s tages  of development. Forecasting of large-scale  chromospheric 
f l a r e s  can a t  present cover only a period on t h e  order of 2 o r  3 da.ys with 
a probabi l i ty  of no more than 50%. The development of a, r e l i a b l e  method 
f o r  pred ic t ing  r ad ia t iona l ly  dangerous so l a r  f l a r e s  over a longer period, 
on the  bas i s  of current  observations of sun-spot magnetic f i e l d s  or 
penumbras of these  spots  i s  apparently improbable. 

One of t h e  important problems i n  the  near fu tu re  i s  therefore  t o  seek 
and develop add i t iona l  new methods of long-term forecas t ing .  Thus, space 
f l i g h t s  i n  the  next f ive  years  w i l l  r equi re  s t r i c t  a t t e n t i o n  t o  the  problem 
of rad ia t ion  sa.fe t y  . 

It should be p a r t i c u l a r l y  noted t h a t  t h e  present lack of informa.tion 
on radia , t ional ly  damgerous so l a r  f lares  ma.kes it impossible t o  dra.w any 
d e f i n i t e  inferences o r  t o  make any recommendations a b m t  pro tec t ing  the 
spacecraf t  crew from s o l a r  cosmic-ray ac t ion  during prolonged f l i g h t s  
i .e . ,  t he  r ad ia t ion  sa fe ty  of these f l i g h t s  cannot be guaranteed with s u f f i 
c i en t  r e l i a b i l i t y .  All of t h i s  urgent ly  requi res  prompt so lu t ion  of the  
following basic  t a sks  i n  t h e  f i e l d  of spece-f l ight  ra.diation safe ty .  
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1. Careful study of spec t ra  f o r  Z ( e spec ia l ly  when Z 2 lo), and a l s o  
a determination of t h e  nuclear  i n t e rac t ion  of these  components with matter, 
are r e q u i s i t e  when inves t iga t ing  primary cosmic radia,t ion.  

2. An inves t iga t ion  of r ad ia t ion  zones demands t h a t  a study a l s o  be 
made of t h e  dynamics of trapped r ad ia t ion ,  p a r t i c u l a r l y  t h e  o r i g i n  and 
t i m e  behavior of t h e  energe t ic  e l ec t ron  component and of processes occur
r i n g  during t h e  i n t e r a c t i o n  of  s o l a r  plasma and the Earth 's  magnetosphere, /572 
including - which i s  very important - t h e  polar  aurorare. 

3. Final ly ,  a. study of s o l a r  f lares and t h e  corpuscular a.nd e l ec t ro 
magnetic r ad ia t ion  thus  generated. 

a .  Thorough inves t iga t ion  of t h e  energy and charge spec t ra  of corpus
cu la r  r ad ia t ion  generated i n  so l a r  f lares.  Fami l ia r i ty  with t h e  spectrum 
permits more prec ise  determination of t h e  dose absorbed ins ide  t h e  spa,ce
c r a f t ,  s e l ec t ion  of proper design, or other  methods of pro tec t ing  t h e  crew. 
It i s  possible  t h a t  e x i s t i n g  est imates  of degree of dosage during flares 
are too  high. I n  t h i s  case, a knowledge of corpuscular radia,t ion spec t ra  
may r e s u l t  i n  reducing present  requirements. These da t a  are p a r t i c u l a r l y  
important, s ince  t h e  possible  dose magnitudes are e i t h e r  on the  borderl ine 
o r  somewhat i n  excess of c r i t i c a l  values;  any increase  i n  precis ion,  even 
by low fac to r s ,  i s  extremely important here .  

b. Study of t h e  time-development nature  of s o l a r  flares and t h e  
corpuscular streams associated with them. This  problem involves a study 
of t he  propagation cf solar-generated p a r t i c l e s  i n t o  space between t h e  
Sun and t h e  Earth.  Solar  cosmic-ray i so t ropy  during t h e  var ious s o l a r  
per turba t ion  periods and short-term fo recas t ing  of s o l a r  cosmic-ra.y 
occurrence are of extreme importance i n  t h i s  problem. 

c .  Development of methods f o r  long-term fo recas t ing  of r ad ia t iona l ly  
dangerous s o l a r  f l a r e s .  The esta,blishment of a co r re l a t ion  between the  
nature of t h e  corpuscular r ad ia t ion  i n  such f l a r e s  and diverse  heliophysicel 
c h a r a c t e r i s t i c s  observed immediately preceding the  f lares  i s  very impor
t a n t  i n  t h i s  regard.  We may possibly be successfu l  i n  discovering the  
hel iophysical  forerunners  of radiakionally-dangerous s o l a r  flares, and 
t h i s  would s i g n i f i c a n t l y  advance long-term forecas t ing .  

Solut ion of t h e  problems which have been posed requi res  the  formula
t i o n  of extensive experiments on a z t i f i c i a l  Ea,rth s a t e l l i t e s  t o  study the  
Sun. It i s  p a r t i c u l a r l y  important tha.t t h e  a r t i f i c i a l  s a k e l l i t e  research 
be t i e d  i n  with a wide hel iophysical  and optica.1 measurement network on t h e  

Earth, as w e l l  a s  with a network measuring s o l a r  rad io  emission. 
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STUDY O F  IKETEORIC MATTER 

T.  N.  Nazarova 

Meteoric matter which i s  a cons t i tuent  of t h e  s o l a r  system has t h e  
appearance of a multi tude of so l id  bodies having a diameter from seve ra l  
t e n s  of ki lometers  t o  severa l  microns. A s  they  move through interplane
t a r y  space, meteoric bodies a re  inv i s ib l e  from t h e  Earth, s ince t h e i r  
r e f l e c t i o n  of sunl ight  i s  t o o  f a i n t .  Only t h e  t o t a l  r e f l e c t i o n  .and d i f 
fus ion  e f f e c t  created by a grea t  number of p a r t i c l e s  i s  access ib le  t o  
t h e  earthbound observer i n  t h e  form of weak luminescence of zodiacal  
l i g h t .  Ind iv idua l  meteor p a r t i c l e s  become v i s i b l e  t o  t h e  t e r res t r ia l  
observer only when - invading t h e  Ear th ' s  atmosphere, becoming red hot,  
and vaporizing - t hey  produce short- l ived flashes and form s h a f t s  of 
ionized gas i n  t h e i r  wake, whi le  meteoric bodies which remain a f t e r  pas
sage through t h e  atmosphere f a l l  onto the  E a r t h ' s  surface.  

For t h i s  reason a n  inves t iga t ion  of meteoric ma.tter f r m  t h e  Earth 
i s  cmducted by photometric study of zodiacal  l-ight and of t h e  F-component 
of t he  s o l a r  corona. This gives t h e  s p a t i a l  dens i ty  of p a r t i c l e s  having 
the  mass m < g i n  in te rp lane tary  space. Optical  and radar  observa
tions of the  phenomena a t tending  the  motion of a meteoric body i n  t h e  
E a , r t h ' s  atmosphere allow us t o  measure t h e  ve loc i ty  vector ,  m a s s ,  densi ty ,  
cornposition, and s p a t i a l  dens i ty  of p a r t i c l e s  of mass m > g and t o  
extend these  f ind ings  t o  t h e  space surrounding t h e  Ea r th ' s  o r b i t .  The 
co l l ec t ion  and inves t iga t ion  of meteori tes  which have f a l l e n  t o  Earth pro
vide information on composition, age, and rate of accre t ion  of meteori tes .  
Thus, up t o  the present  t i m e  observations of meteoric p a r t i c l e s  from 
E a r t h  have enabled u s  t o  obtain rather complete da t a  on p a r t i c l e s  having 
a m a s s  greaker than  lO-"g. However, ex t rapola t ion  of these da ta  t o  
p a r t i c l e s  of smaller m a s s  i s  not  admissible i n  a l l  cases  ( i n  pa r t i cu la r ,  
t h e  nature  of s p a t i a l  dens i ty  change of p a r t i c l e s  as t h e i r  mass decreases) 
( R e f .  1-3).  



With t h e  advent of research rockets  and a r t i f i c i a l  Earth s a t e l l i t e s ,  
it has been possible  t o  record individual  p a r t i c l e s  having a mass down 
t o  approximately 10-l3g both near Earth and i n  in te rp lane tary  space. The 
s c i e n t i f i c  equipment i n s t a l l e d  on rockets  and s a t e l l i t e s  r e g i s t e r s  t he  
s p a t i a l  dens i ty  of metemic pa r t i c l e s ,  t h e i r  momentum or energy and mass, 
(on t h e  condition t h a t  p a r t i c l e  ve loc i ty  i s  given) (Ref. 4 ) .  I n  s p i t e  
of t h e  nonuniformity and r e s t r i c t e d  volume of t h e  experimental mater ia l ,  
Soviet and American measurements a t  a l t i t u d e s  of loo-300km have demon
s t r a t e d  t h e  exis tence of a dense dust envelope about t h e  Earth (Ref. 6 ) .  

Independent confirmation of t he  increased dens i ty  of dust  p a r t i c l e s  
i n  t h e  v i c i n i t y  of t he  Earth i s  given by observing the  luminescence of 
t he  tw i l igh t  sky. For p a r t i c l e s  of m = lO-*g a t  an a l t i t u d e  of H=lOO-3OOIrm 
t h e  number N of impacts per  square meter per  second i s  3-10-2-7-10-1, and 
at a l t i t u d e s  of 400-2000 km N - 10-3impact-m-2*sec-1 . ESrtreme estimates 
of matter i n  t h e  zodiacal  cloud made photoe lec t r ica l ly  give lT4-10-5m-2=sec'1 
Figure 1gives t h e  average combined curve of t h e  number of impacts 03' 
sporadic meteoric p a r t i c l e s  with masses from t o  10-l1g, p lo t t ed  by 
Alexander e t  .al. from American and Soviet rocket and s a t e l l i t e  measure
ments (Ref. 5, 7, 8). Findings by "Elektron-2" are entered i n  t h i s  
graph (Ref. 10). There i s  a difference between t h e  Soviet and Amerlcan 
s tudies  f o r  t h e  assumed dependence of  impulse on p a r t i c l e  mass and ve loc i ty  
recordedJy t h e  sensors. The American works use I .= m v  and the  Soviet, 

I = A 2' , where m and v are  mass and ve loc i ty  of t h e  meteoric p a r t i c l e .  

Apparently t h e  d i f fe rence  between t h e  numerical value of  t h e  coef f ic ien t  
and t h e  ve loc i ty  values adopted for t h e  ca lcu la t ions  r e s u l t s  i n  f i n a l  
values which are i n  good agreement within t h e  limits of measurement accur
acy 

Meteoric p a r t i c l e  densi ty  i s  subject  t o  f luc tua t ions  i n  time and 
space. There a re  individual  bunchings of p a r t i c l e s  with nonuniform 
s p a t i a l  density.  The l i n e a r  dimensions of these  bunchings f luc tua te  
widely, reaching mi l l ions  of kilometers. The satel l i te  "Elektron-2" 
during observations from January 30 t o  March 10, 1964, with an exposure 
t i m e  of 1,778,460 sec, recorded th ree  bunchings of meteoric pa r t i c l e s ,  15-75 
representing formations with l i n e a r  dimensions from 3 t o  5 mil l ion k i lo- -
meters. The f irst  one, recorded on January 30-31, 1964, was dense enough 
f o r  t h e  d i r ec t ion  of i t s  motion t o  be determined (Figure 2).  

A geometric examination of t h e  problem showed t h a t  t h e  angle between 
t h e  ve loc i ty  vector  d i r ec t ion  of t h e  bunching and of t h e  Earth was about 
42'. If it i s  assumed t h a t  t h e  bunching had a maximum possible ve loc i ty  
of 42 km-sec-' at t h e  Earth 's  dis tance from the  Sun, then t h e  average 
r e l a t i v e  encounter ve loc i ty  of meteoric p a r t i c l e s  and sensors w a s  about 
61h * s e c - l .  The average number of  impacts i n  t h i s  case was l.l-lO-l 
impactem-2 0sec-l. As  i n  our previous work, w e  estimated t h e  mass of t h e  

2
recorded p a r t i c l e s  from t h e  r a t i o  I -E , of impulse(1)received by t h e  

sensor, p a r t i c l e  mass(m)and ve loc i ty  v, 2assuming v = 61 km-sec-l. O f  t h e  
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Figure 1 

Average Combined Curve of Meteoric P a r t i c l e  
Dis t r ibu t ion  by Mass i n  Vic in i ty  of Earth From 

Rocket and S a t e l l i t e  Observations. 

1 - "Explorer-8" (U.S.) ;  2 - "Vanguard-3" (U.S.);
3 - "Explorer-1" (U.S.); 4 - rockets  (U.S.); 5 -
t h i r d  s a t e l l i t e  (USSR); 6 - first  space rocket 
(USSR); 7 - second space rocket (USSR); 8 - auto
matic in te rp lane tary  s t a t i o n  (USSR): 9- "Pioneer-1'' 
(U.S . ) ;  10 - "Elektron-2 (USSR). 

185 p a r t i c l e s  recorded i n  t h i s  bunching, 166 had 4.4*10-'g 2 m >, 1.3*10- '~ .  

It can be seen t h a t  it i s  impossible t o  character ize  t h e  d i s t r i b u t i o n  
of t h e  p a r t i c l e s  i n  t h i s  bunching by m a s s  by using t h e  s ing le  formula 

1
f ( M )  -gi where n = const; for ml and m2 t h e  value n > 2, f o r  m2 and m3 
n < 2, and for m3, m4 n < 2. I n  t h e  period before  March 10, 1964, while 
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Figure 2 


Bunching of Meteoric Particles on January 30-31, 1964 


1 - first revolution; 2 - second; 3 - third; 4 - fourth, 
5 - fifth. 

the equipment was functioning there were twio more meteoric particle 
bunchings recorded on February 11-13and Februaly 23-25. Since in 
this period a small number of impacts were recorded (in one case 
-10,and the other -24)it seemed impossible to ascertain the possible 
bunching directions of motion. The particle velocity adopted was 
v = 1.5 kmssec-l, which we ordinarily use for sporadic meteoric particles. 

The number of impacts recorded of Darticles with the mass 6.5.10-8g 
>m >, 2.10’8 g per square meter per second in these cases was N 2  = 2.4.10-3 

.62*sec-1and N 3 = 5 . 8 - 1 0 - 3  n~-~-sec-l From February 29 to March 10, 1964,
four more meteoric particle impacts were registered, two in about 22 
hours from February 29 to March 1 and two on March in approximately
14 hours. The average N for particles with 6.5.10’ 3m>2*103 g in the 
February 3. - March 10, 1964, period was p(.5-S0- impa~t-m-~‘sec-l, 
which fits well into the combined curve plotted by Alexander et al. 
(u.s., 1962). 



Bunchings of micrometeor p a r t i c l e s  which d i d  not coincide with streams 
known on t h e  Earth had a l s o  been observed ear l ie r .  Near Earth on May 15, 
1958, equipment aboard t h e  t h i r d  s a t e l l i t e  recorded from 4 t o  U impact. 
.m -2 *see-1 of p a r t i c l e s  with t h e  m a s s  2*10m7g2 m 3 6*10-*g ( f o r  v = 
15 km-sec-'). The m a s s  of a p a r t i c l e  i n  t h i s  bunching m a y  have been on 
t h e  order of 5*lO-'Og on t h e  assumption t h a t  its ve loc i ty  w a s  70 km.see-'. 
From November 31, 1962, t o  January 30, 1963, at a d is tance  of 23-45 mi l l ion  
kilometers from t h e  Earth, t h e  in te rp lane tary  s t a t i o n  "Mars-1" recorded an 
elevated dens i ty  of meteoric p a r t i c l e s  - 104 impacts i n  4 hours 1-3 minutes 
30 seconds. (After January 30, 1963, t h e  equipment for r e g i s t e r i n g  m e t e 
o r i c  p a r t i c l e s  no longer functioned.) The s t a t i o n  had apparently 
encountered a stream of meteors which could not be successful ly  i d e n t i f i e d  
with any known on t h e  Earth. 

With t h e  s a t e l l i t e  "Explorer-1" American inves t iga tors  a l s o  observed 
a "stream of sporadic meteors" unrecorded on Earth ( R e f .  9). From prelim
inary  r epor t s  t h e  spacecraft "Mariner-4" f l y i n g  toward Mars (1965) i n  
one phase of i t s  t r a j e c t o r y  recorded an  e levated dens i ty  of meteoric I576 
p a r t i c l e s ,  poss ib ly  belonging t o  a bunching s i m i l a r  t o  t h a t  recorded by 
t h e  s t a t i o n  t t M a r s - l ' t .  Thus, t h e r e  axe many meteoric streams and bunchings 
which are unknown on Earth i n  in te rp lane tary  space, and it i s  s t i l l  
impossible t o  pred ic t  them. The occurrence of extended (up t o  mil l ions 
of kilometers) and dense formations, where one meteoric body can occur i n  
a cube with a s ide  of severa l  t e n s  of meters, i s  dangerous f o r  spacecraf ts  
remaining i n  space f o r  a long period of t i m e ,  as it may cause surface 
erosion, o p t i c a l  damage, and rupture  of f i n e  s t r u c t u r a l  elements. 

Future prolonged and systematic research of  d i f f e r e n t  regions i n  
in te rp lane tary  space by means of space vehic les  w i l l  m a k e  it possible  t o  
expand and r e f i n e  our information regarding t h e  s o l i d  component of i n t e r 
planetary matter, t o  widen t h e  c i r c l e  of meteoric streams w i t h  which w e  
are acquainted, and possibly t o  pred ic t  t h e  p robab i l i t y  of spacecraf ts  
encountering them i n  t h e  fu tu re .  
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MEASUREMENT OF SCATTEED La - F N I I A T I O N  I N  THE 

VICINITY O F  THE EAETH AND I N  INTERPLI-WE=CARYSPACE 

The space vehicle  "Zond-l", which w a s  launched on Apr i l  2, 1954, 
ca r r i ed  apparatus f o r  measuring sca t te red  u l t r a v i o l e t  rad ia t ion .  This 
equipment consis ted of two photon counters wi th  windows made of l i t h ium 
f luor ide  and NO-filling, as w e l l  as a two-channel intensimeter  wi th  logar i th
mic outputs i n  a recording rate ra,nge from t o  104impulse-sec-1. Both 
counters were screened wi th  lead (3.5 gam-') throughout t h e i r  e n t i r e  
surface, with t h e  exception of t h e  window having a surface area of  0.7 cm-' 
The photon counters had i d e n t i c a l  col l imators  which l i m i t e d  t h e  f i e l d  of 
v i s ion  t o  1.15-10-2sterad. A f i l t e r  made of calcium f luo r ide  w a s  placed 
before  one of t h e  counters, i n  order  t o  cu t  o f f  rad ia t ion  having a wave 
length shor te r  than k ET5 8. The long-wave boundary of t h e  counters w a s  
located a t  about k 1350 8. The counters were assembled i n  ser ies ,  and 
were supplied w i t h  high voltage (- 900 v) from a general  voltage transformer. 
There were a l s o  two emi t te r  repeaters ,  along with t h e  photon counters.  The 
counters were standardized f o r  I& - rad ia t ion  by means of an ion iza t ion  1571 
chamber and a thermoluminescent phosphor (Ref. 1) 

Close t o  t h e  Earth "Zond-1" moved at an angle of a,pproximately 90' 
t o  t he  Earth-Sun l ine ,  r o t a t i n g  around an a x i s  d i rec ted  toward t h e  Sun. 
The o p t i c a l  photometer axis described a cone with an angle of opening 
of 160' (Figure 1). A t  a d is tance  ranging from 37 t o  47 thousand km, 
four complete photometer c ross  sec t ions  of t h e  hydrogen corona of t h e  
Earth were obtsined. The photometer axis thus  passed a t  a d is tance  of 
8700 km from t h e  center  of t h e  Earth. I n  addi t ion  t o  these  four  c ross  
sect ions,  da t a  per ta in ing  t o  t h e  d is tance  of 180 thousand km, as w e l l  as 
t o  1.5 mi l l ion  km,  were obtained. I n  t h e  l a t t e r  case, it can be assumed 
t h a t  t h e  equipment recorded only r ad ia t ion  from t h e  in te rp lane tary  m e d i u m .  
An ana lys i s  of these  observations w i l l  be given l a t e r .  Let us introduce 
t h e  following notat ion i n  order  t o  change from t h e  observed quan t i t i e s  t o  
t h e  surface br ightness  a s  a funct ion of the  d is tance  from t h e  center  of 
t h e  Ear th :  

Re - rad ius  of t h e  Earth; 
�&, - dis tance  of t h e  objec t  t o  t h e  center  of t h e  Earth; 
p - shor t e s t  d i s tance  from t h e  center  of t h e  Earth t o  t h e  

o p t i c a l  a x i s  of t h e  photometer, measured i n  u n i t s  of Re; 
y - Distance along t h e  l i n e  of s igh t ;  

2a - Angle of opening f o r  t h e  cone whose genera t r ix  i s  used t o  


d i r e c t  t h e  o p t i c a l  axis of t h e  equipment; 
W - Angle of r o t a t i o n  of t h e  object,  ca lcu la ted  from t h e  pos i t ion  

a t  which t h e  photometer axis i s  located a t  a minimum dis tance 
from the  Earth; 

Y - "Sun-object-center of t h e  Earth" angle; /578
5 = 180' - y; 
5 - Angle between t h e  photometer axis and t h e  d i r ec t ion  of t h e  object  

toward t h e  cen te r  of t h e  Earth. 
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It can be seen from Figure 2 t h a t  

p =R, sin 5. 
Thus, f o r  W = 0,n w e  have 

respec t ive ly  . 
By determining t h e  coordinates of t h e  poin ts  N(x, y, z )  and T(X,Y,Z), 

one can r ead i ly  obta in  t h e  expression f o r  cos 5: 

cos 5 = xx + Y y  +zz 
IoNlRO ( 3 )  

or  
COS 5 = COS E C O S  a + sin F; sin a cos ( 1 ) .  

In  our case = 68' and a = 80'. 

Subs t i tu t ing  t h e  value of from (3a) i n  (l), w e  can determine t h e  
dependence of p on W (Figure 3).  We should note t h a t  t h e  funct ion p(w) 
has four  extremes when W changes from 0 t o  2n. It can be seen t h a t  p(w) 
w i l l  be a symmetrical funct ion with respect  t o  W = TT.On the  c ross  sec
t i o n  0 d Lz; d TT,we thus  have two minima f o r  W = 0,ri and one m a x i m u m  c lose 

t ot o  W = n/2. We should note t h a t  - beginning w i t h  W = 0 . 1 8 ~ ~  w = 1 .82~1  
- t h e  funct ion of p i s  two-valued, i . e .  , two values  of w: ili and w;! cor
respond t o  t h e  same value of p. I n  t h e  second case, t h e  perpendicular 
drawn from t h e  center  of t h e  Earth i n t e r s e c t s  t h e  continuation of t h e  
o p t i c a l  axis of t h e  equipment. 

The observed surface brightness B ( p )  i s  determined by t h e  in t eg ra l  

(index 1 corresponds t o  90,while 2 - yo), where y i s  calculated a t  both 
s ides  of t he  point  N, and F(R) i s  t h e  volumetric luminescence equalling, 
i n  i t s  t u r n  

Here TTF, i s  t h e  stream i n  t h e  l i n e  La from t h e  Sun; 0,; - t h e  e f f e c t i v e  
sca t t e r ing  c ross  sec t ion  i n  t h e  center  of t h e  l i ne ;  &IxD - t h e  Doppler 
h a l m i d t h  of t h e  sca.t tered r ad ia t ion  l i ne ;  A x s  - t he  width of t he  s o l a r  
emission l i n e  L a' n(R) - t h e  concentration of neu t r a l  hydrogen. The 
assumption i s  thus  introduced t h a t  t h e  concentration i s  a funct ion of 
only t h e  d is tance  from t h e  center  of t h e  Ear th ,  and does not depend - f o r  
example - on t h e  zeni th  d is tance  of t h e  Sun, t h e  geographical l a t i t ude ,  e t c .  

In  addition, by se l ec t ing  two values of B ( p )  corresponding t o  t h e  
same p, but d i f f e ren t  w, one can r ead i ly  show t h a t  



Figure 1 

where 


I n  ac tua l i t y ,  we have 


0 0 


Since F(R) dy =: F(R) dy, expression (8) w i l l  be 
Yo - Yo 09 tco 

2 S F ( R ) d y =  s F ( R ) d y .  
0 -m 

Thus, f o r  t h e  angle i n t e r v a l  0 . 1 8 ~w <  TT it i s  possible  t o  obtain 
t h e  dependence I ( p )  from the observations. For t h e  region 0 S w ,< 0.18n, 
we have the  quant i ty  B l ( p ) ,  and B2(P)  ( P  ,< 3.5)  can be  rea.dily obtained by 
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Figure 2 

extrapolat ion.  Since an overwhelming number of hydrogen atoms a re  located 
within t h e  sphere of radius  Fb, t he  quant i ty  B 2 ( p )  must depend compa.ratively 
s l i g h t l y  on p, o r  on W, which i s  wel l  i l l u s t r a t e d  i n  Figure 4. For yo = 6.5, 
both values of B1 and B2 a r e  equal. Figure 4 a l s o  shows t h e  dependence 
I ( p ) .  The values of B1 and Bz were obtained from observations by averaging 
a l l  four  recordings per ta ining t o  the  mean dis tance &, = 42000 km. All t he  
values of B(w) were employed f o r  t he  bes t  averaging, and it w a s  assumed t h a t  
B(w) = B(w i- i7). I n  t h e  case of P = w, t h e  value of I(p)  was obtained from 
observations i n  t h e  case of PQ = l.5*107km. In  order t o  obta.in n(R), it i s  
necessary t o  solve t h e  i n t e g r a l  equation of A b e l  (Ref. 7), t h e  solut ion of 
which has t h e  following form: 

For I ( p ) ,  we employed t h e  following type of dependence which was chosen 
empirically : 
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Figure 3 

W e  should point  out t h a t  (10) represents  experimental da t a  only wi th in  
t h e  l i m i t s  by which p changes from 1.25 t o  6.5. I n  t h e  case of t h e  s o l a r  
corona. (Ref. 2), w e  have 

m i + i  
F ( R )  = r (1~5)2 miKi (7) (11) 

i It'"+' r(y+i) 
where r i s  t h e  gama function. 

Subs t i tu t ing  t h e  values  of m i  and K i  i n  (ll), w e  ob ta in  t h e  ex- /580 
pression f o r  F(R) and then  t h e  expression f o r  n(R) from (5) :  

Naturally,  t h i s  formula i s  not appl icable  fo r  R > 6.5. In tegra t ing  the  
expression (12)with respect  t o  R up t o  i n f i n i t y ,  w e  obtain t h e  expression 
f o r  N: 

N ( R )= 1011 (s+-)4 90 C M - ~ .  

In  order t o  change from F(R) t o  n(R) and N(R) ,  according t o  formula (5)  it 
w a s  assumed t h a t  t h e  temperature of sca t te red  atoms i s  lo3 O K  O&*10-13cm2; 
AX, = 1.6.10-" 8, AXs = 1 8  and rrFS = 2°1011quantum.cm-2.sec-i. The value 
T = lo3 OK per t a ins  t o  t h e  i l luminated s ide  of t h e  E a r t h ,  and f o r  t h e  period 
of minimum s o l a r  a c t i v i t y  i n  1964 it i s  hardly t o o  low. The Table below 
presents  t h e  values of n(R) and N(R) ca,lculated according t o  formulas (E?) 
and (13). Since t h e  o p t i c a l  thickness  i s  s m a l l  (0.1-0.3) i n  t h e  case of 
R = 1.25, t h e  change from I ( R )  t o  F ( R )  and n(R), which was performed above, 
can be e f fec ted  by  t h e  formulas (5) and (9). 

kt us now discuss  the r e s u l t s  which have been obtained. Donahue (Ref.3) 
has compiled the most p laus ib le  model f o r  t h e  d i s t r i b u t i o n  of n e u t r a l  hydrogen, 
which i s  presented i n  t h e  last  column of t h e  following Table. H i s  d i s t r i 
but ion d i f f e r s  from t h e  d i s t r i b u t i o n  obtained exDerimentally pr imar i ly  due 
t o  a lai-ser gradient. If t h e  experimental d a t a  are described by a power l a w  
i ; i t l i  tlic iiidex 11 a t  la rge  d is tances  ( R  > 3Re), then  t h e  results of  t h e  
sL i~ iy(K>i'. 3 )  correspond t o  n = -3.3. I n  addition, f o r  R < 2% t h e  model 
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Figure 4 

TABm 

-3R R, lo3 km n, em N, em-" n(according t o  
[ R e f .  3 1 )  

I .__ _..~. -. - -.- .  

1.25 8.1 6.5-10" h..30.1011 2.5 lo4 

1.50 9-6 3-6 3.62 8.0-lo3 

2.00 12.8 1.9 3.10 2.4 lo3  
2.50 16.0 1.2 2.70 9.5 -10; 
3.00 19.0 0.84 2.42 4.5-10 

4.00 25.6 0.51 2.06 1.5.10" 
4.50 28.8 0.42 1.90 9.5-10 
5.00 32.0 0.36 1.82 6.0-10 
5-50 35-1 0.31 1-75 4.0-10 
6.00 38.3 0.26 1.69 3.0-10 
6.50 41.6 0.22 1.63 2.2010 

3-50 22.4 0.65 2.20 2.6-io2 

of Donahue leads  t o  much l a rge r  values  of t h e  hydrogen concentration. 
Equal values are obtained i n  t h e  case of R = 6.6 %. A t  l a rge  d is tances  
from t h e  Earth, t h e  t h e o r e t i c a l  model provides concentrat ions which a r e  
lower than those values which w e  found. If it i s  assumed t h a t  t h e  
counter s e n s i t i v i t y  does not  change, then even at d is tances  g rea t e r  than  
180,000km, t h e r e  i s  a s ign i f i can t  amount of hydrogen. The change i n
i n t e n s i t y  from 180,000 t o  15.106km i s  1.5.10~qua,ntum*cm-~*sec-1 * s t e r a d 1. 
When r e l a t i n g  t h i s  quant i ty  t o  t h e  d is tance  - 2*105kmw e  f i nd  t h a t  t h e  
mean hydrogen concentrat ion E t  a d is tance  of - 250,000km i s  on t h e  order  
of 1-10 

We should poin t  out tha.t we d id  not know t h e  o r i en ta t ion  of t he  /581
equipment with respec t  t o  t h e  Earth a.t t h e  t i m e  t h e  br ightness  w a s  
measured aft  a d is tance  of 180,000 la. Therefore, w e  cannot dra,w any 
conclusions regarding t h e  presence o f  an extended hydrogen " ta i l"  a,t 
t h e  Ea,rth ( R e f .  4). A f t e r  analyzing t h e  observat ions a t  a. d i s tance  of 
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15.106km, w e  c m  d r a w  t h e  main conclusion t h a t  t h e r e  i s  no s ign i f i can t  
concentration of i n t e rp l ane ta ry  hydrogen toward t h e  e c l i p t i c  plane. 
The surface br ightness  at  t h i s  d i s tance  i s  1.5-10-4erg-cm -2 -sec-'-sterad-l , 
which coincides  f a i r l y  w e l l  w i th  t h e  d a t a  given by Morton and Purce l l  
(Ref. 5) They obtained t h e  value of 4.1*10-4erg*cm-2*sec-1~sterad-lby 
means of a f i l t e r i n g  method. Taking i n t o  account t h e  indeterminacy i n  
t h e  s tandardizat ion both of our data ,  and of t h e  measurements performed 
by Morton and b c e l l ,  a d i f fe rence  of no more than t h r e e  should be 
assumed. Accordingly, t h e  concentration of n e u t r a l  hydrogen i n  i n t e r 
p lane tary  space decreases threefold,  calculated by  Patterson, Jackson and 
Hanson ( R e f .  6) on t h e  basis of these observations.  This amount i s  

-3 
, 	 a,pproximately 10-2cm ah a d is tance  of 1t o  45 au, which i s  almost inde

pendent of d i s tance .  
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RESJLTS OF RADIO EMISSION S " G T H  MEXXJREMENTS 
AT 725 AND 1525 KC BY EQUIPMENT ON THE SATELL-ITE "ELFXTRON-2" 

Ye.  A. Benediktov, G. G. Getmantsev, N. A. Mityakov, 
V. 0. Rapoport, Yu. A. Sazonov, a n d  A. I?, Tarasov 

The extension of t h e  range of radio-astronomical measurements 
toward medium and long waves involves t h e  necess i ty  of conducting 
appropriate measurements aboard a r t i f i c i a l  Easth s a t e l l i t e s  and 
rockets  (Ref. 1, 2). It i s  obviously advisable t o  conduct these  
measurements on AES of r e l a t i v e l y  great apogee, so  t h a t  t h e  e f fec t  
of  t h e  Earth's ionosphere on t h e  r e s u l t s  w i l l  be reduced t o  a m i n i 
mum. I n  t h i s  sense, t h e  experimental conditions on "Elektron" were 
very favorable, because at apogee t h e  s a t e l l i t e  receded t o  almost 
seventy thousand kilometers, and ionospheric influence on t h e  mea
swe ment r e s u l t s  w a s  completely eliminated. On approaching perigee, 
"Elektron-2" "plunged" i n t o  t h e  ionosphere. Based on t h e  variatiori  
i n  t h e  rad io  emission l e v e l  received at t h e  output of t h e  receiving 
equipment, t h e  p r o f i l e s  of e lec t ron  concentration i n  t h e  ionosphere 
could be determined i n  a r a t h e r  extensive a l t i t u d e  range. 

The measurement conditions on "Elektron-2" were a l so  favorable, 
i n  t he  sense t h a t  t h e  s a t e l l i t e  was i n  operation f o r  a r e l a t i v e l y  
long period of time. Prolonged measurements made possible  t h e  d i s 
covery of sporadic rad io  emission at both frequencies: 725 and 
1525 kc 

1. Radio Receiving Equipment and Measurement Method 

Description of Equipment. Radio emission i s  received with 
receivers  tuned t o  the  f ixed frequencies of 725 and 1-52? kc. Both 
receivers  have a common antenna which assumes t h e  form of an osc i l 
l a to r ,  one of whose branches i s  a metal  rod 3.75 m long and t h e  
other,  t h e  s a t e l l i t e  frame with a l l  i t s  pro jec t ing  par t s .  The capa
ci tance Ca between t h e  o s c i l l a t o r  branches i s  46 pf. Antenna 
rad ia t ion  res i s tance  RE i s  0.033 ohm at 725 kc, and 0.146 ohm at 
1525 kc -

The antenna 5.:; connected t o  rece iver  inputs  by a coaxial  feed 
whose capacitance, together  with t h e  connecting jacks, i s  64 pf. 

The c i r c u i t  of t h e  rad io  receivers  uses d i r e c t  amplification with 
th ree  s tages  of HF amplification and two of t h e  LF type. The d.c. 
vol tages  from rece iver  outputs, proport ional  t o  t h e  s igna ls  t o  be mea
sured, a re  fed t o  t h e  telemetering system. The receivers  a re  provided 
with an AVC system which extends the  range of voltages which can be 
measured. The rece iver  passband widths at high frequency are,  respec
t ive ly ,  3.9 and 7.4 kc; t h e  range of measurable vol tages  i s  0.2-10 p, 
and t h e  time constant of t h e  receiver  output loops i s  -1 see. 



To suppress rad io  in te r fe rence  from s a t e l l i t e  equipment, i t s  
common power-supply c i r c u i t  contains a 'band f i l t e r  with at tenuat ion 
on t h e  order of 80 db at  t h e  receivers '  operating frequencies. The 
lack of rad io  in te r fe rence  w a s  experimentally ve r i f i ed  i n  t h e  
0.5 - 1.5 Me range with a special ,  h igh-sens i t iv i ty  receiver .  

Method of-Measuring Strength of Radio Rnission. Radio-emission 
s t rength I i s  

where Teff i s  t h e  e f f ec t ive  temperature averaged over t h e  c e l e s t i a l  
sphere, k i s  Boltzmann's constant, and h i s  t h e  wavelength. Radio-
emission temperature Teff i n  tu rn  i s  found from the  formula 

where ua i s  the  emf induced i n  the  antenna, RE i s  antenna rad ia t ion  
resista,nce, and nf i s  t h e  receivers '  passband width. 

A s  i s  c l ea r  from formula ( 2 ) ,  t h e  amplitude c h a r a c t e r i s t i c s  of 
t he  rece ivers '  output vol tages  and antenna rad ia t ion  res i s tance  m u s t  
be known i f  radio-emission s t rength  i s  t o  be determined from t h e  output 
voltages.  These parameters were measured when t h e  equipment w a s  C a l i 
brated on Earth. The rece ivers '  amplitude cha rac t e r i s t i c s  were 
corrected during s a t e l l i t e  f l i g h t  according t o  t h e i r  output vol tages  
when operating with an i n t e r n a l  noise generator. The amplitude charac
t e r i s t i c s  of t h e  rece ivers  were recorded f o r  severa l  days before 
launching by means o f  a G2-1 (GShN-1)noise vol tage generator,  which 
w a s  connected t o  t h e i r  input over a capacity of 46 pf .  This generator 
w i t h  t h e  capacitance i n  s e r i e s  w a s  a dummy antenna. 

Noise generator vol tage ua w a s  determined from formula 

where u2 i s  t h e  square of t h e  e f f e c t i v e  vol tage as measured by a thermo
couple a t  a t tenuator  input,  n i s  t h e  power reduction of t he  generator 
a t tenuator ,  and A f g  i s  t h e  width of t h e  generated noise spectrum. Record
ing of t h e  rece iver ' s  amplitude c h a r a c t e r i s t i c s  w a s  reduced t o  measuring /583  
t h e  dependence of t h e i r  output vol tages  on n, s ince u w a s  kept constant.-

' 
2 


It follows from formulae (2) and ( 3 ) . t h a t  
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..2 (4) 

Effective radio-emission temperature was ascertained directly from this 

formula. 


Antenna capacitance was experimentally measured on the satellite's 

dummy antenna by varying the frequency of a transmitter whose oscilla

tory circuit was switched in between the rod and the satellite frame. 

To eliminate antenna field distortion, the transmitter was placed inside 

the dummy housing. The change in transmitter frequency when the rod an

tenna was connected was determined by a special receiver 30 meters away 

from the dummy. Antenna radiation resistance R was found by formula 


2Rz = 800 (y), 
(5) 

where leff is the length of the equivalent symmetrical dipole with uni

form current distribution. 


Effective length leff was experimentally established as follows. 


The satellite's dummy antenna and an auxiliary rod antenna were 
placed on a metallized platform 50 x 50 meters square. An IP-12field 
voltage meter was used to measure the emf induced in both antennae by 
a radio-broadcasting station operating at 825 kc. A 2-pf capacitance 
was switched on in series to the IP-12input to eliminate the effect of 
antenna impedance on the measurements. The rod length was chosen so that 
the emf induced for both antennae were equal. It was found that the 
dummy satellite antenna during reception was equivalent to a rod 5.3 
meters long, and that consequently, leff = 2.65 m. Error in measure
ments of radio-emission strength was determined chiefly by inaccuracies 
introduced when measuring receiver amplitude characteristics and an
tenna radiation resistance. The noise generator and telemetering system 
contribute to the error in measuring amplitude characteristics. Systematic 
errors in measurements using the G2-1 noise generator were eliminated by 
supplementary measurements. The appropriate corrections were made when 
establishing Teff. 

Based on our estimates, the resultant error in the absolute values 
of cosmic radio-emission strength is + 30% at a frequency of 1525 kc and 
(+3O, -5O)% at 725 kc, while the ratio of radio-emission strength at the 
two frequencies is found with an error of -+(l5 to 20)$. 
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2. Description of  Primary Measurement Results 

The incoming s i g n a l  l e v e l s  at 725 kc and 1525 kc ("Elektron-2") 
and a t  1110 and 2293 kc ("Elektron-4") are recorded by  t h e  te lemetry 
system of t h e  satel l i tes  as t h e  output vol tage of  t h e  measuring radio-
receivers .  A t  a c e r t a i n  t i m e  i n t e r v a l  (approximately one hour), t h e  
input loops of t h e  rece ivers  are r egu la r ly  switched from t h e  antenna 
t o  t h e  ca l ib ra t ed  noise  s i g n a l  source t o  check t h e  s t a b i l i t y  of equip
ment amplif icat ion.  When t h e  measurement resul ts  are processed, t h e  
output vol tages  are converted i n t o  e f f e c t i v e  temperature of radio-
emission i n  conformity with t h e  parameters of t h e  radio-receiving 
equipment. 

Twenty sec t ions  of incoming s igna l - leve l  records per ta in ing  t o  /584
f l i g h t s  of "Elektron-2" near apogee were processed t o  f ind  t h e  e f fec
t i v e  temperature readings of t h e  c e l e s t i a l  sphere at t h e  frequencies of 
725 and 1525 kc. Figure 1 gives  T values successively obtained f o r  
two hours during one such f l i g h t  oFf$he sa te l l i t e .  The dots  correspond 

to T y f f  at f = 1525 kc, and t h e  Crosses t o  Te f f  a t  f = 725 kc. The 
c i r c  es designate  c a l i b r a t i o n  poin ts  matching s igna ls  of t h e  noise gen
e ra to r  pe r iod ica l ly  connected t o  the rece ivers .  A s  i s  evident from 
Figure 1, there  i s  a c e r t a i n  point  s c a t t e r  r e s u l t i n g  both from e r r o r s  of 
an engineering nature,  and possibly from a s h i f t  of t h e  d i r e c t i o n a l  part-
t e r n  of t h e  receiving antenna over t h e  c e l e s t i a l  sphere because of 
s a t e l l i t e  ro t a t ion .  The pa th  of "Elektron-2" and "Elektron-4" near 
per igee passed through t h e  upper p a r t  of t h e  F-layer of t he  ionosphere 
where plasma frequencies  fo were c lose  t o  the operat ing frequencies of 
t h e  receiving equipment. Therefore, near per igee t h e r e  might be 
expected a reduced output s i g n a l  l e v e l  due t o  ionosphere influence on 
t h e  receiving antenna parameters. The r e s u l t s  of observations on 
"Elektron-2" and rrElektron-4" confirm t h i s  hypothesis.  Figure 2a gives 
a t y p i c a l  exa,mple of t h e  experimental r e l a t ionsh ip  of t h e  change i n  l e v e l  
of t h e  s igna l  being recorded at f = 1525 kc during one of t h e  f l i g h t s  of 
t h e  s a t e l l i t e  "Elektron-2", on t h e  descending limb of i t s  o r b i t  when it 
entered t h e  F-layer of t h e  ionosphere. The incoming s igna l  l eve l s  a , t  
f = 1525 kc are indicated by dots .  The ca l ib ra t ion  points ,  as i n  Figure 
1, are encircled.  The crosses  note the  s i g n a l  l eve l s  a t  f = 725 kc. Sub
s t a n t i a l  a t tenuat ion  of t h e  s i g n a l  a t  f = 1525 kc during t h i s  f l i g h t  
began, as i s  apparent from Figure 2a, a t  a l t i t u d e s  of - 4000 km. A t  t h e  
moment when t h e  s a t e l l i t e  w a s  a t  an a l t i t u d e  on t h e  order  of 500 kc, t h e  
output s i g n a l  l e v e l  proved t o  be close t o  t h a t  of t h e  eigen noise of the 
equipment, and consequently prac t ica , l ly  no cosmic radio-emission w a s  
received by t h e  antenna system. Figure 2b shows t h e  dependence of s igna l  
level on a l t i t u d e  of sa te l l i t e  f l i g h t  at f = 1525 kc f o r  one of t he  sec
t o r s  on t h e  ascending limb of t h e  t r a j e c t o r y .  It i s  c l e a r l y  apparent 
t h a t ,  as t h e  a l t i t u d e  of t h e  sa te l l i t e  increases ,  t h e  signa.1 l e v e l  a.pproach
es t h e  usua l  unperturbed l e v e l  of cosmic radio-emission. 
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Similar recordings have a l s o  been obtained a t  frequencies of  1110 
and 2293 kc ("Elektron-4"). I n  a nmber  of cases, however, t h e  drop 
i n  s igna l  l e v e l  on t h e  s a t e l l i t e ' s  en t ry  i n t o  t h e  ionosphere w a s  masked 
by sporadic radio-emission generated i n  the  ionosphere, o r  by noise from 
a t e r r e s t r i a l  o r ig in  which, generally speaking, cannot be e n t i r e l y  pre
vented. A t  f = 725 kc the  radio-emission generated i n  the  ionosphere 
w a s  i n  most f l i g h t s  so  strong t h a t  it proved t o  be p r a c t i c a l l y  impossible 
t o  a sce r t a in  the  e lec t ron  concentration p r o f i l e  from observational 
r e s u l t s  a t  725 kc. This i s  i l l u s t r a t e d  by Figure 2. The drop i n  s igna l  
l e v e l  ah f = 725 kc, which began a t  a l t i t u d e s  of - 12,000 km, came t o  
an end at h - 6000 - 8000 km. At lower a l t i t u d e s  t h e  s igna l  f luc tua ted  
severely, reaching very large values i n  comparison t o  t h e  normal l e v e l  of 
cosmic radio-emission. 

Sporadic radio-emission a r i s i n g  i n  t h e  ionosphere was repeatedly 
recorded by "Elektron-2" and "Elektron-4" as individual  spikes and as a 
general  r i s e  i n  s igna l  leve l ;  it w a s  detected both i n  f l i g h t s  through 
the  upper ionosphere and outs ide of it at  grea t  a l t i t u d e s .  Sporadic 
h igh- in tens i ty  radio-emission was most of ten  recorded at t h e  725 kc f r e 
quency. Figure 3 shows t h e  t y p i c a l  a.ppearance of t he  s igna l - leve l  
recording a t  f = 725 kc with sporadic radio-emission. The time sca le  of 
t h e  observations i s  p lo t t ed  on the  hor izonta l  axis of Figure 3; on the  
ordinate  axis, t h e  e f f ec t ive  temperature of t h e  radio-emission i s  p lo t ted .  
I n  t h e  a l t i t u d e  range from 15,000 t o  30,000 km i n  Figure 3, we observed a 
general  r i s e  i n  t h e  l e v e l  of radio-emission; at a l t i t u d e s  on the  order of /586
50,000 km t he re  were i so la ted  peaks with a c l e a r l y  ascer ta inable  l e v e l  of 
cosmic radio-emission i n  between them. A t  t h e  frequency of 1525 kc, spor
adic  emission w a s  observed much less frequent ly .  It d i f fe red  from t h e  
725 kc radio-emission l e v e l  i n  t h a t  at 1525 kc a general  r i s e  i n  t h e  radio-
emission l e v e l  i s  noted as a ru le .  Figure 4 gives an example of sporadic 
radio-emission a t  f = 1525 kc. 

3. Frequency In t ens i ty  Spectrum of Cosmic Radio-Emission 

The r e s u l t s  derived from measuring t h e  s t rength  of cosmic radio-
emission a t  725 and 1525 kc (::Elektron-2") and provis ional  values of t h i s  
emission a t  u1D and 2293 kc ( Elektron-4") a r e  shown i n  Figure 5 (curve 7) .  
The same f igure  a l so  presents  t he  r e s u l t s  obtained by other authors i n  /587
measuring t h e  s t rength  of cosmic radio-emission ( t h i s  graph, supplemented 
by t h e  findings o f  t h e  other  authors, i s  borrowed from [Ref. 31). 1 - t h e  
Mullard Radio-Astronomical Observatory ( t e r r e s t r i a l  measurements); 2 -
Chapman, Molozi; 3 - E l l i s  e t  a l .  (terrestrialmeasurements), upper 
symbols r e f e r  t o  region of maximum, and lower t o  region of minimum 
radio-emission; 4 - Radio-Astronomical Observatory of  t he  Universlty 

, of Michigan; 5 - measurements by t h e  s a t e l l i t e ,  "Alouette" (mean 
s t rength  values) ;  6 - Korobkov ( t e r r e s t r i a l  measurements); 7 - measure
ments by the  "Elektron" satell i tes.  
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Figure 1 

Figure 5 shows t h a t  t h e  s c a t t e r  of experimental values of radio-
emission s t rength  der ived by var ious authors  i s  r a the r  substantia, l ,  and 
t h a t  t h e  s p e c t r a l  ind ices  found from diverse  data, d i f f e r  not iceably from 
each o ther .  W e  would l i k e  t o  remark i n  t h i s  connection tha t  t h e  e a r l i e r  
measurements of t h e  frequency spectrum of low-frequency cosmic radio-
emission were made e i t h e r  on Earth, o r  on r e l a t i v e l y  low AES and rockets  
within t h e  Ear th ' s  ionosphere. The ionospheric e f fec t  is, of course, 
taken i n t o  considerat ion i n  t h e  d a t a  shown i n  Figure 5, but  such allowance 
cannot always be made with t h e  necessary accuracy. The inh ib i t i ng  i n f l u 
ence of t h e  ionosphere i n  measurements of t h e  cosmic radio-emission l e v e l  
i n  (Ref .  3-5) was a l s o  evidenced by t h e  f a c t  t h a t  t h e  measurements were 
made a t  frequencies f > 1.2 Me ( R e f .  3) and f > 1.5 Me ( R e f .  4), which are 
g rea t e r  than ionospheric plasma frequencies at a l t i t u d e s  on t h e  order of 
1000 - 2000 km. 

The measurements made by "Elektron-2" and "Elektron-4" of t h e  cosmic 
radio-emission s t r eng th  at 725, 1525, 1110, and 2293 kc are e n t i r e l y  f ree  
of t h e  inh ib i t i ng  inf luence of t h e  Eas th ' s  ionosphere, since' a t  apogee 
t h e  s a t e l l i t e s  had r e t r e a t e d  almost 7O,OOO km from t h e  Earth. Tine frequen
cy of 725 kc is ,  so far as t h e  authors know, thC lowest frequency a,t which 
t h e  cosmic rad io  emission s t rength  can be successful ly  measured. 
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The measurement results are given below. 

f ,  kc 725 1110 1525 2293 
I- w a t t  - m-2 - cps-l sterad- '  5 . 1  8.4 8.7 10.2 
Tef f - lO- '  O K  3 - 2  2.2 1.2 0.64 

A s  a l ready mentioned i n  Section 1, t h e  random e r r o r  i n  measuring /588
t h e  absolute values  of radio-emission s t r eng th  at t h e  above frequencies 
i n  t h e  experiments described i s  estimated a t  approximately * 30%. This 
e r r o r  includes the  random s c a t t e r  of radio-emission values  corresponding 
t o  var ious f l i g h t s  of t h e  s a t e l l i t e  (da t a  on 20 f l i g h t s  were used t o  
determine t h e  mean s t r eng th  values),  e r r o r s  i n  c a l i b r a t i n g  radio-receiver  
amplif icat ion,  inaccuracies  i n  e s t ab l i sh ing  t h e  receiving antenna rad ia
t i o n  res i s tance ,  and seve ra l  o ther  f a c t o r s .  The r a t i o  of radio-emission 
s t rength  at two f ixed  frequencies,  which i n  t h e  las t  ana lys i s  determines 
t h e  values of t h e  s p e c t r a l  index of t h e  radio-emission, i s  known with 
s0mewha.t g rea t e r  accuracy: &( 15-20)%. The frequency spectrum of cosmic 
radio-emission, p lo t t ed  from "Elektron" s a t e l l i t e  measurement data,, i s  
denoted i n  Figure 5 by t h e  broken l i n e .  Assuming t h a t  t h e  radio-emission 
s t rength  i s  I 
ments, we may f i n d  t h e  value of s p e c t r a l  index a, which i s  0.05 at t h e  

fa and u t i l i z i n g  t h e  r e s u l t s  of t h e  "Elektron" measure-



Figure 3 

frequency f = 1.5 Me. This s p e c t r a l  index value i s  c lose  t o  t h e  a 
of the  measurements by "Alouette" (Ref. 4) and i s  considera,bly l e s s  than 
t h e  values of a for t h e  measurements i n  ( R e f .  3, 5 ) .  A s  i s  apparent 
from Figure 5 ,  at  frequencies  f ,< 3 - 5 Me t h e  s p e c t r a l  index increases  
as frequency decreases.  I n  Figure 5 t h e  frequency spectrum curve, m e a 
sured i n  1964 a,t  a number of f ixed  frequencies i n  t h e  6 - 40 Mc range by 
Yu. S. Korobkov (Ref. 6)l i s  a l s o  designa.ted by t h e  dashed l i n e .  

The e n t i r e  complex of data. on t h e  low-frequency sec tor  of t h e  cosmic 
ra,dio-emission spectrum presented i n  Figure 5 -indicates t h a t  the  s t rength  
of cosmic radio-emission a.t frequencies f ,< 3 - gj Me grows smaller as f re 
quency diminishes. Turning t o  a n  i n t e rp re t a t ion  of t h e  bend i n  the  cosmic 
radio-emission spectrum a t  f < 5 Me, l e t  us po in t  out t h a t  t h e  most prob
able  reason f o r  t h e  spectrum curvature i s  radio-emission absorption i n  t h e  
ionized i n t e r s t e l l a r  gas concentrated i n  t h e  region of t h e  ga,lactic plane 
( R e f .  2 - 5 ) .  This  reason i s  most probable due t o  t h e  f a c t  t h a t  other  
f a c t o r s  ( reabsorpt ion of radio-emission by r e l a t i v i s t i c  e lec t rons ,  t h e  
index o f  r e f r a c t i o n  of t h e  i n t e r s t e l l a , r  medium not being equal t o  uni ty ,  
d i s t o r t i o n  of t h e  energy spectrum of r e l a t i v i s t i c  e lec t rons  because of 

1 	 It must be borne i n  mind, however, t h a t  da t a  from measurements by t h e  
l'Elcktron'' sa te l l i t es  def ine t h e  average values of radio-emission 
:;l;rcn@h over t h e  c e l e s t i a l  sphere, while t h e  measurements i n  ( R e f .  6) 
rr;.C'r;r t o  a 30" x 30" region of t h e  c e l e s t i a l  sphere with i t s  center  
?),I; l1 L 3v.5, b' = -50.3. 
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Figure 4 

ion iza t ion  energy losses  by p a r t i c l e s ,  and severa l  o thers )  must lead t o  
a r e l a t i v e l y  slower bending of t h e  frequency spectrum at frequencies on 
the  order of ,  o r  l e s s  than, one megacycle (Ref. 7).  The p o s s i b i l i t y  is ,  
of course , not excluded tha,t cosmic radio-emission i n  the  medium-wa,ve 
range i s  p r h c i p a l l y  of metagalactic or ig in ,  and t h a t  i n  7rimary metagal
a c t i c  radio-emission the re  i s  an observed bend i n  the  frequency spectrum. 
There a r e  no c l e a r  d a t a  concerning t h i s  a t  present .  If ,  however, we 
assume t h a t  t he  bend i n  the  frequency spectrum i s  ac tua l ly  caused by t h e  
absorption of cosmic radio-emission i n  ionized i n t e r s t e l l a r  gas, then we 
may evaluate  t h e  concentration of ionized gas from ex i s t ing  experimental 
data .  

Figure 6 presents  a s e t  of t h e o r e t i c a l  frequency spectrum curves 
whose behavlor at  low frequencies i s  determined by radiowave absorption. 
The curves a r e  p l o t t e d  f o r  t he  following model: The so la r  system i s  l o 
cated i n  t h e  plane of symmetry of a n  unbounded radiowave-absorbent layer  
of thickness  2a (a planar  sub-system of t h e  Galaxy). Radio-emission 
comes both from sources uniformly d i s t r ibu ted  i n  t h e  most radiowave
absorbent layer,  and from the  space surrounding the  absorbent layer  ( t h e  /589 
ga lac t i c  corona, Metagalaxy). The values of t h e  o p t i c a l  thickness  T = pa 
of t h e  radiowave-absorbent layer  i n  radiowave propagation perpendicular 
t o  t h e  layer  a r e  p lo t t ed  on t h e  axis of t h e  abscissa  i n  Figure 6. The 
s p e c t r a l  density,  averaged by in tegra t ion  over t h e  t o t a l  s o l i d  angle, of 
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Figure 5 

received radio-emissionstrength W i s  p lo t t ed  i n  r e l a t i v e  un i t s  on t h e  ordi
nate  ax is .  The d i f f e ren t  curves match d i f f e r e n t  values of t he  parameter 

P = aplayer/Ihalo, which descr ibes  t h e  r a t i o  between t h e  emissive capa
c i t i e s  of t h e  planar  sub-system of t h e  G a l a x y  (player - emissive capa
c i t y  per  u n i t  volume of t h e  layer )  and t h e  space surrounding t h i s  sub
system (Ihalo - s t rength  of r ad ia t ion  per  u n i t  o f  so l id  angle).  Since 
t h e  m a x i m a  of a l l  t h e  curves correspond t o  values of  7 which a re  very 
close t o  each other,  Figure 6 gives a l l  t h e  curves with maximum values 
of 1. The curves a r e  p lo t t ed  on t h e  assumption t h a t  t h e  frequency spec
t r u m  of t he  primary (unabsorbed) radio-emissipn of t he  halo and of t h e  
planar sub-system i s  proport ional  t o  f 7% (Ref. 3 ) l .  Experimental- 0 . 5  

f indings from measurements by "Elektron-2" and "Elektron-4'' a r e  p lo t t ed  

i n  t h e  same f igure  ( the  radio-emission i n t e n s i t y  reduced t o  un i ty  i n  

Figure 6 at t h e  spectrum peak i s  assumed t o  equal 1.3=10-20wa-ttom-"~cps-1. 

s t e rad - l )  
 Assuming t h a t  f x 3 Me s a t i s f i e d  t h e  radio-frequency spectrum 

-

The curves i n  Figure 6 a re  p lo t t ed  from t h e  re la t ionship  

When T = pa-+ m t h e  radio-frequency s f iength  determined by t h i s  
expression s t r i v e s  t o  zero, while when 7-0 it i s  determined by 
t h e  o r i g i n a l  frequency spectrum without allowance f o r  radio
emi ssion absorpt  ion. 
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Figure 6 

peak and t h a t  T~~ = pa N 0.1, and s e t t i n &  a .G 100 ne, we can f i n d  p and 
consequently t h e  ionized gas concentration i n  t h e  radiowave-absorbent 
layer .  For t h e  e lec t ron* temperature Te lo4 degrees, t h e  value of Ne 
proves to be 0.12 em-3 

If t h e  bend i n  t h e  cosmic rad io  frequency spectrum i s  i n  f a c t  / 590  
l inked t o  radio-emission absorption i n  t h e  ionized gas of a planar  gal
a c t i c  sub-system, then low-frequency rad io  emission must possess one 
extremely i n t e r e s t i n g  property - unusual and very s t rong miso t ropy  i n  
the  angular d i s t r i b u t i o n  of radio-emission over t h e  c e l e s t i a l  sphere 
(Ref. 8). The anisotropy can be r ead i ly  understood i f  we consider t h a t  
nonthermal cosmic radio-emission i s  synchrotronic i n  o r ig in  and associ
ated with t h e  r ad ia t ion  of r e l a t i v i s t i c  e lec t rons  moving i n  t h e  i n t e r 
s t e l l a r  magnetic f i e l d .  

-- . . ..* 
For another d i s t r i b u t i o n  model of t h e  radiowave-absorbent gas - where 
the  so l a r  system i s  at t h e  center  of an absorptive sphere of radius  a, 
and where t h e  sources of radio-emission a r e  i so t rop ica l ly  d i s t r i b u t e d  
both ins ide  and outs ide of t he  sphere - t h e  t h e o r e t i c a l  frequency spec
tra curves have t h e i r  m a x i m u m  at T~~ = 0.5. For t h i s  model t h e  
ex i s t ing  experimental da t a  give a value of Ne = 0.3 A s  a compar
ison of t h e  t h e o r e t i c a l  and experimental frequency spec t ra  demonstrates, 
it i s  not possible  at present t o  choose d e f i n i t a t i v e l y  a c e r t a i n  model 
for ionized gas d i s t r i b u t i o n  i n  t h e  planar  sub-system of t h e  G a l a x y .  



The s t r eng th  of synchrotronic radio-emission i s  known t o  be propor
t i o n a l  t o  H (y+')/*, where H = H sin 8 i s  perpendicular t o  t h e  ve loc i ty  
vec tor  of tke r a d i a t i n g  p a r t i h e  of t h e  magnetic f i e l d  component; 9 i s  t h e  
angle between p a r t i c l e  ve loc i ty  and d i r e c t i o n  H; y i s  t h e  power exponent 
i n  t h e  energy spectrum of t h e  r e l a t i v i s t i c  e lec t rons .  Because of radio
waxe absorption, t h e  l e v e l  of t h e  incoming radio-emission at s u f f i c i e n t l y  
low frequencies m u s t  be determined by sources arranged i n  a quasi-
spher ica l  region whose radius a i s  found from the condition T r-1 *= 1. 
When t h e  frequency drops, t h e  rad ius  of t h e  region becomes l e s s  than  100
1-50ne - i .e.,  l e s s  than ha l f  t h e  thickness  of t h e  planar  g a l a c t i c  sub
system, and w e  may assume t h a t  within t h i s  region t h e  i n t e r s t e l l a r  magne
t i c  f i e l d  i s  homogeneous with respect  t o  d i rec t ion .  Because of  t h e  above 
c i t e d  dependence of synchrotronic radio-emission s t rength  on t h e  angle it, 
and because r ad ia t ion  of t h e  r e l a t i v i s t i c  p a r t i c l e s  i s  d i rec ted  along t h e i r  
ve loc i ty  vector,  t h e  l e v e l  of t h e  incoming radio-emission m a y  .be expected 
t o  be g rea t ly  dependent on angular o r i en ta t ion  of t h e  receiving antenna 
with respect  t o  t h e  l i n e s  of fo rce  of t h e  i n t e r s t e l l a r  magnetic f i e l d .  In 
measurements on AES, t h e  an iso t ropic  e f f e c t  indicated w i l l  be subs t an t i a l ly  
smoothed out, s ince  t h e  antenna systems of t h e  AES i n  t h e  medium-wave range 
are elementary d ipoles  and have a wide d i r e c t i o n a l  pa t te rn .  Nonetheless, 
t h e  corresponding e f f ec t  may be even more s ign i f i can t .  Estimates made f o r  
t h e  case of y = 3 show t h a t  t h e  r a t i o  of the  maximum s igna l  which should be 
recorded t o  t h e  minimum s igna l  must be 1.6 - i .e. ,  i n  pr inc ip le ,  t he re  may 
be a s u b s t a n t i a l  e f f e c t .  

I n  the  recordings of cosmic radio-emissions obtained during measure
ments by t h e  AES "Elektron-2" and "E lek t r0n -4~ '~t h e r e  a re  i n  many cases  a 
number of per iodica l ly- recur r ing  phenomena charac te r iz ing  radio-emission 
l e v e l  va r i a t ions  which could i n  p r inc ip l e  be regarded as manifestat ions of 
t h e  above e f f e c t .  Such phenomena are a l s o  apparent, i n  pa r t i cu la r ,  i n  t h e  
sec tor  of t he  radio-emi;cion recording at 1525 kc shown i n  Figure 1. 
Unfortunately, t h e  authors have been unable t o  m a k e  a d e t a i l  etl comp3,rison 
between t h e  observed fluuctuntionc i n  radio-emission s t ren&h and (lata on 
t h e  anW1a.r o r i en ta t ion  of t h e  AES antenna with respec t  t o  t h e  d i r e c t i o n  
of the i n t e r s t e l l a r  magnetic f i e l d  i n  the region of t h e  so l a r  system. The 
nature  of radio-emission l e v e l  f l uc tua t ions  s t i l l  remains open. 

4. 	 Determining t h e  Ionosphere Electron Concentration 
P r o f i l e  from Cosmic Radio m i s s i o n  a,t 1525 kc 

When t h e  s a t e l l i t e  en te r s  t h e  ionosphere, t h e  receiving proper t ies  of 
t h e  antenna vary depending on t h e  degree of e l ec t ron  concentration. The 
consequences are t h a t  at a l t i t u d e s  below 5000 km, t h e  rece iver  output /53l
voltage i s  percept ib ly  reduced at t h e  frequency of  1525 kc, while near 
per igee (h  < 1000 km) a, complete "cutoff1'  of cosmic rad io  emission sets  i n  
(Figure 2)*. The reduct ion i n  received s i g n a l  level may be used t o  
8 

Similar e f f e c t s  are also observed at 725, 1110, 2293 kc. A t  725 kc, 
t h e  drop i n  l e v e l  a t  r e l a t i v e l y  low a l t i t u d e s  w a s  f requent ly  mackcd 
by sporadic r ad io  emission. 
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compute t h e  e lec t ron  concentration i n  t h e  region of t h e  satel l i te  (e.g., 
see [Ref. 33). Antenna capacitance and r ad ia t ion  res i s tance  vary 
depending on t h e  cha rac t e r i s t i c s  of t h e  medium. 

kt us examine t h e  equivalent c i r c u i t  of t h e  input loops of t h e  
receiver  (Figure 7). The f igu re  has t h e  following notation: ua - t h e  
equivalent antenna noise  voltage; Rc - antenna r ad ia t ion  res i s tance ;  
C, - antenna capacitance (capacitance i n  vacuum Cao - 46 p f ) ;  Cc= 64 pf-- cable capacitance; Ccl - ~ ~ ~ - 7 8pf - capacitance of c i r c u i t s  b C c l  and 
&Cc2;  C1 = C, = 39 pf - coupling capacitance; u2 - gr id  voltage of t h e  
1525 kc rece iver  inP.rt-tLibe. Inductances Iland L, a re  so chosen t h a t  t h e  
input c i r c u i t  of t h e  receivers  has resonance frequencies of 725 and 
1525 kc* 

Using Thevenin’s theorem f o r  t h e  case RE << l/LLCa, we mg wri te  

b + -
Cao 

where Ca/CaO i s  t h e  r a t i o  of antenna capacitanc? i n  t h e  medium t o  capa
ci tance i n  a vacuum, while b has t h e  value b = 2.75 f o r  these  parameters 
of t h e  input c i r c u i t .  Equivalent antenna noise voltage i s  

where k i s  Boltzmann’s constant; e f f ec t ive  temperature of cosmic 
rad io  emission; and A f ,  receiver  k%:Radiation res i s tance  Rc i n  t h e  
medium i s  dis t inguished from antenna rad ia t ion  res i s tance  Rm i n  vacuo. 
If we introduce t h e  at tenuat ion function of rad io  emission received by 
t h e  antenna r = ( U ~ / U ~ O ) ~as t h e  r a t i o  of s igna l  powers a t  t h e  receiver  
input tube gr id  when the  s a t e l l i t e  i s  i n  t h e  ionosphere and beyond it, 
then - as i s  r ead i ly  apparent - we have 

If we do not a l low f o r  ionospheric plasma anisotropy caused by t h e  1592magnetic f i e l d ,  then 

4 4rre”N 
where � = 1-v - d i e l e c t r i c  constant of t h e  medium; v = - ; N -

P.? m d  
e lec t ron  concentration; e and m - e lec t ron  charge and mass. Using t h e  



Figure 7 

dependence T(N) ,we may ca l cu la t e  t h e  e lec t ron  concentration along t h e  
s a t e l l i t e ' s  o r b i t  when t h e  rece iver  output vol tage drops as t h e  s a t e l l i t e  
en te r s  t h e  ionosphere. Since t h e  ionosphere i s  i n  f a c t  an anisotropic  
medium, we must estimate t h e  e f f e c t  of t h e  Earth 's  magnetic f i e l d  on 
antenna capacitance and r ad ia t ion  res i s tance .  

The d i e l e c t r i c  constant i n  an  anisotropic  medium i s  a tensor .  Accord
ing t o  Kaiser (Ref. g), we may wr i te  t h e  capacitance of a t h i n  antenna as 

I 


t he  angle between t h e  magnetic f i e l d  H and t h e  antenna; u = 

i s  t h e  gyrofrequency; and veff = S W  i s  the  e f f e c t i v e  number of el ee tron 
co l l i s ions .  

The degree of capacitance Ca depends on antenna o r i en ta t ion  t o  t h e  
Earth 's  magnetic f i e l d .  It i s  e s s e n t i a l  t h a t  f o r  w e a k  anisotropy (u << 1) 
t h e  expression f o r  Ca/Cao d i f f e r  l i t t l e  from t h e  i so t rop ic  case, e.g., 
when u < 0.17 and v < 0.5 (at t h e  frequency of  1525 kc, t h i s  corresponds 
t o  a l t i t u d e s  of h > 2000 Ism), t h e  cor rec t ions  f o r  t h e  N values computed 
from formulas (8) and (9)amount t o  l e s s  than 20% when cp = 0 (antenna 
along t h e  f i e l d  H) and l e s s  than  10% when @ = TT/2 (antenna perpendicular 
t o  f i e l d  H). A t  a l t i t u d e s  of h < 2000 k m  where u 2< 1, t h e  cor rec t ions  
become la rger ,  and s ign i f i can t  rece iver  output voltage f luc tua t ions  a r e  
observed when t h e  antenna changes i t s  o r i en ta t ion  t o  t h e  Earth 's  magnetic 
f i e l d .  
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The inf luence of t h e  magnetic f i e l d  on antenna r ad ia t ion  r e s i s 
tance  i s  likewise s m a l l  i n  t h e  case of anisotropy. Moreover, as i s  
apparent from formulas ( 8 )  and (9), t h e  dependence of a t tenuat ion  rUnc
t i o n  I? on t h e  parameters of t h e  medium i s  c h i e f l y  determined by t h e  
change in antenna capacitance i n  t h e  medium. The change i n  r ad ia t ion  
r e s i s t ance  R i n  t h e  case i n  which w e  are  in t e re s t ed  (u 4 0.17, v 2< 0.5) 
has l i t t l e  epfec t  on t h e  rece iver  output voltage; i n  t h e  f i rs t  approxima
t ion ,  t h i s  e f f ec t  i s  taken i n t o  account by t h e  expression f o r  Rz i n  t h e  
i so t rop ic  case (9). 

When determining antenna capacitance Ca, w e  neglected t h e  e f f e c t i v e  
number of co l l i s ions ,  assuming t h a t  veff << W. Kaiser ( R e f .  9) no te s .  
t h a t  if t h e  m e a n  f ree  e l ec t ron  pa th  leexceeds antenna s i z e  1, t h e  
quant i ty  v = ve/le i n  formula (9) must be replaced by v xeff = v e h ,  
where v igfghe mean e l ec t ron  thermal ve loc i ty .  A t  a l t i t u d e s  of 
h > 1008 km, t h e  mean free e lec t ron  pa th  i s  1, > 1km, and the re fo re  t h e  
value of vleff  m u s t  be used. A t  t h e  e l ec t ron  temperature T M 4010~OK 
e w e  have vtefii;: lo5, which i s  considerably less  than t h e  rece iver  operat
ing  frequency of 1525 kc. Since antenna capaci ty  i s  determined by t h e  
l o c a l  c h a r a c t e r i s t i c s  of t h e  medium, t h e  measurements of e l ec t ron  concen
t r a t i o n  can be complicated by plasma per turba t ions  caused by t h e  sa te l l i t e  
charge and by hydrodynamic per turba t ions  due t o  s a t e l l i t e  motion. h 

The plasma per turba t ions  associated with t h e  sa te l l i t e  charge are 
loca l ized  at a d is tance  on t h e  order  of t h e  Debye rad ius  D from t h e  sur
face of t h e  s a t e l l i t e .  A t  an a l t i t u d e  of h = 3000 km, t h e  value D = 4 em, 
i.e., it i s  subs t an t i a l ly  less than t h e  s i z e  of t h e  system. The sa te l l i t e  
charge e f f e c t  may thus  be neglected i n  t h e  f i r s t  approximation. Hydrodyn
amic per turba t ions  of t h e  medium lead t o  plasma, dens i f i ca t ion  i n  f r o n t  of 
t h e  s a t e l l i t e ,  and t o  a region of r a re fac t ion  behind it (e.g., see 
[Ref. lo]). These per turba t ion  regions, however, occupy a s m a l l  volume i n  
comparison t o  13,where 1 i s  t h e  system's m a x i m u m  dimension, and t h e  prob
a b i l i t y  of f inding t h e  antenna i n  t h e  per turba t ion  regions as t h e  s a t e l l i t e  
r o t a t e s  i s  obviously not t o o  grea,t. 

These c a h u l a t i o n s  demonstrate t h a t  t h e  formulas f o r  t h e  i so t rop ic  case 
may be u t i l i z e d  t o  det'ermine e lec t ron  concentration from d a t a  on t h e  reduced 
l e v e l  o f  cosmic rad io  emission. This i s  p a r t i c u l a r l y  t r u e  because t h e  la rge  
s c a t t e r  of experimental po in ts  w i l l  give r i s e  t o  a fundamental e r r o r  when 
determining t h e  a t tenuat ion  funct ion of cosmic rad io  emission I?. The absol
u t e  e r r o r  i n  measurements of e lec t ron  concentration N i s  approximately 
(1 - 2)*10~e1ec t ron=cm-~.* 

. . - _ _
* 	Near perigee,  pa r t  of t he  ce1estia. l  sphere was screened by the  Earth.  If 

t h e  temperature of cosmic rad io  emission i s  d i s t r ibu ted  unevenly over t he  
celest ia .1  sphere, then t h i s  1i;a.y i n  p r inc ip l e  lead t o  va.rious values of 
Teff when the  s a ' t e l l i t e  is a.t apocee or nea.r per igee.  A t  1-525 kc, t he  
background inhomogeneity of cosmic rad i o  emission i s  obviously not large,  
and ma,y be neglected An the  f irs1 e.pproxii?a.i;ion. It m y  be noted t h a t  
t he  orbita.1 plane of Elektron-2 a.lmost coincides with t h e  equatoria,]
pla,ne of t he  Galaxy. The bearing from the  Ea r th ' s  cen ter  t o  a ogee cor
responds approximately t o  270' of ga.lactic 1ongitud.e ( i n  the  lp system). 
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Figures 8 and 9 give p r o f i l e s  of e lec t ron  concentra,tion N computed 
by t h e  above method as a funct ion of a l t i t u d e  h along t h e  sa te l l i t e  o r b i t .  
The numbers assigned t h e  curves i n  t h e  figures match t h e  s a t e l l i t e  f l i g h t  
d a t e s  given i n  Table I. T h i s  t a b l e  a l s o  gives t h e  change of eas t e rn  geo
graphica l  longitude f o r  each f l i g h t  from point  XI, corresponding t o  mini
mum height  of N(h) on t h e  graph, t o  point  X z ,  corresponding t o  t h e  

-3concentration N = 10~e lec t ron*cm . 
The l e f t  s ide  of Figure 8 corresponds t o  t h e  descending por t ion  of 

t h e  satell i te’s pa th  and t h e  r i g h t ,  t o  t h e  ascending port ion.  Figure 9 
gives  t h e  resul ts  from processing only t h e  ascending por t ion  of i t s  path. 

Curve Date 
No.  (1964 

I 30.1 
2 31.1 
3 27.11 
d.  	 28. I1 
6 3.11 
6 4.11 
7 3.11 
8 3.11 

L 9 11.11 

-. .  
~_ _  

10 11.11 291 282, 19 14.11 138 155 
11 12.11 102 115 20 15.11 158 175 
12 12.11 307 297 21 16.11 181 193 
13 13.11 118 135 22 1.111 115 131 
14 13.11 321 317 23 5.111 199 212 
15 16.111 83 89 24 3.IV 95 108 

272 
104 
79 

275 
94 
95 

1 G  
17 
18 

16.111 
2.11 
10.11 

292 
243 
66 

275

2;t 1 
’25 15.111 
26 21.111 
27 23.111 

54 
185 
200 

71’ 
190 
227 

I n  order  t o  give t h e  ove r -a l l  p i c tu re  of t h e  pos i t ion  of t h e  s a t e l l i t e  
i n  space, Table 2 gives t h e  geographic l a t i t u d e s  �or the  a l t i t u d e  r a c e  i n  /595 
which we a,re i n t e re s t ed ,  bo th  for t h e  ascending (q1) and descending ( q 2 )  
phases of the o r b i t .  

h ,  SAL 

% _  

1000 31 
2 000 13.5 
3 000 3 
4 000 - 5 
5 000 -11.5 
6 000 -16,5 

TABLE 2 

‘P2 

57.5 7000 -21 13 13000 -38 - 5  
46 8000 -25 9 14000 -40 - 7  
36 9000 -28 5 15000 -42 - 9  
29 10000 -31 2 16000 -43 -11 
23 11000 -34 -1 17000 -45 -12.5 
17.5 12000 -36 -3 18000 -46 -14.5 

Electron concentrat ion a t  an a l t i t u d e  of Z?OOO-3OOO km amounts t o  
N = 104electron-cm-3 and, as a rule, f a l l s  smoothly t o  N x 103electron-cm-3 
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Figure 8 

a t  a l t i t u d e s  of 10,000 - 15,000 km' . A few curves (18, 20, 21) have a 

f l a t  segment a t  a l t i t u d e s  of 6000 - 15,000 km with a value of 

N e (2  - 4)~10-3e lec t ron~cm-3.The path of curve 17 d i f f e r s  sharply 

from t h e  other  c G v e s  by a minimum at 9000 km and a maximum a t  13,000 

16,000 km. The pos i t ion  of t h i s  peak correspcnds t o  t h e  in t e r sec t ion  of 

t h e  geomagnetic equator by t h e  s a t e l l i t e  a t  t h e  geographic longitude of 

270'. This agrees with t h e  r e s u l t s  of pulse probing by t h e  s a t e l l i t e  

"Alouette" (Ref. ll), which ind ica te  an elevated ionospheric densi ty  

near the  geomagnetic equator i n  t h e  same longitude regions a t  a l t i t u d e s  

of h > 800 km. 


It should be noted t h a t  curve 1 r e f e r s  t o  the  t r a j e c t o r y  sec t ion  
immediately a f t e r  t h e  s a t e l l i t e  i s  launched i n t o  o r b i t .  The elevated 
value of e lec t ron  concentration i n  t h i s  sec tor  of t h e  o r b i t ,  as compared 
t o  the  o ther  cases, may apparently be explained by t h e  l i b e r a t i o n  of gas 
from the  s a t e l l i t e  surface.  

5. Sporadic Radio ESnission from t h e  Easth's  Atmosphere 

A s  w a s  pointed out i n  Section 2, during t h e  f l i g h t  of "Elektron-2", 
sporadic rad io  emission w a s  recorded at 725 and 1525 kc with a s t rength 
considerably above t h a t  of cosmic rad io  emission. I n  t h i s  sect ion we 
s h a l l  examine t h e  cha rac t e r i s t i c s  of t h i s  rad io  emission i n  more d e t a i l ,  
as wel l  as severa l  possible  ways t o  i n t e r p r e t  it. 

(Ref. 12) published t h e  measurement r e s u l t s  of pos i t ive  ion concentration 
i n  approximately t h e  same a l t i t u d e  range by Soviet space rockets i n  1959. 
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Figure 9 

Figure 3 gives  a c h a r a c t e r i s t i c  recording of t he  s t rength  of 
sporadic emission a t  725 kc, and makes it c l e a r  t h a t  r ad io  emission 
s t rength f luc tua te s  grea t ly ,  changing from a l e v e l  determined by t h e  
s t rength of cosmic r ad io  emission t o  a value two o r  t h ree  orders  of 
magnitude g rea t e r  than t h i s  l eve l .  T h i s  rad io  emission w a s  observed 
i n  a l l  sec tors  of t he  sa te l l i t e  o r b i t ,  while i t s  average s t rength  de
creased somewhat w i t h  an increase i n  a l t i t u d e .  

The sporadic r ad io  emission a t  1525 kc had a d i f f e r e n t  nature  
(Figure 4 ) .  A t  t h i s  frequency, an ove r -a l l  r ise  i n  s t rength  w a s  de t 
ected which a t  t i m e s  exceeded t h e  cosmic background by one order  of 
magnitude. Sporadic r a d i o  emission a t  t h i s  frequency was recorded much 
less f requent ly  than a t  725 kc. I n  cases  where sporadic r ad io  r ad ia t ion  
was recorded a t  a frequency of 1525 kc,  sporadic r ad ia t ion  w a s  always 
detected a t  a frequency of  725 kc. However, t h e r e  w a s  no de t a i l ed  cor- /596 
r e l a t i o n  between changes i n  s t rength  a t  t h e  operat ing frequencies of 
725 and 1525 kc. This f a c t  i nd ica t e s  t h a t  t he  s p e c t r a l  width of t h e  
r ad io  emission bu r s t  i s  on t h e  order  of,  o r  smaller than, t h e  i n t e r v a l  
between t h e  operat ing frequencies .  

The e f f e c t i v e  temperature of  sporadic r ad io  emission a t  725 kc w a s  
on t h e  average one order of magnitude g rea t e r  than  a t  1525 kc. I n  order 
t o  determine more accura te ly  t h e  c h a r a c t e r i s t i c s  of t h e  r ad io  emission 
observed, w e  compared sporadic r ad io  emission w i t h  o ther  geophysical 
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phenomena. We discovered no clear connection between this emission 

and such factors as variations in the planetary Kp-index, presence of 

sporadic E,-layers in the polar region, and solar radiation in the op

tical or radio ranges. A comparison of data on radio emission with 

data on the presence of soft electrons in the region of the radiation 

zones' made it apparent that there is a clear correlation between the 

presence of soft electrons and the occurrence of sporadic radio emis

sion. 


Figure 10 presents a graph for dependence of the probability of 

sporadic radio emission at 725 kc (circles) and 1525 kc (crosses) on 

the magnitude of an electron stream having energies greater than 100 ev 

in the radiation zones. Electron stream magnitude was defined as the 

maximum value of the stream recorded when the satellite intersected the 

radiation zones. The probability of radio-emissionwas defined as the 

ratio of the number of reference points (where heightened radio emission 

was recorded) to the total number of reference points. If the satellite 

intersected the radiation zone in the ascending portion of the trajectory, 

then this probabillty was determined for the entire ascending phase of 

the trajectory to apogee; the descending phases of the path were handled 

in a similar manner. 


The figure shows that the probability of sporadic radio emission at 

725 kc is proportional to magnitude of the stream. At 1525 kc, the 

probability dependence on flux magnitude remains the same, but in several 

cases when there were soft electron streams, no radio emission was detected 

at 1525 kc. As will be indicated below, this may probably be attributed 

to the dependence of sporadic radio-emission strength on longitude. /598 


' ~ . . ~ - . . . .  -

K. I. Gringauz kindly gave us prepublication data on electron streams 

of greater than 100-ev energy, derived from measurements by "Elektron-2". 
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Figure I 2  

The experimental f a c t s  presented (sharply decreasing rad ia t ion  
spectnun, more frequent appearance of radio emission at t h e  lower f r e 
quency, co r re l a t ion  of rad ia t ion  with s o f t  e lec t ron  streams) suggest 
t h a t  radio emission a r i s e s  from t h e  in t e rac t ion  of e lec t ron  streams with 
t h e  plasma of t h e  Ear th ' s  upper atmosphere. Since t h e  t r a j e c t o r i e s  of 
t h e  electron streams a re  determined 'by the  Earth 's  magnetic f i e l d ,  it i s  
advantageous t o  k n o w  t h e  i n t e n s i t y  d i s t r i b u t i o n  of sporadic rad io  emission 
as a function of t h e  geomagnetic coordinates of t h e  Earth. Figures 11and 
12 give t h i s  d i s t r i b u t i o n  a t  725 and 1525 kc as a funct ion of geomagnetic 
l a t i t ude .  Figure 11p l o t s  t h e  d i s t r i b u t i o n  f o r  r e l a t i v e l y  high a l t i t u d e s .  
This d i s t r ibu t ion  w a s  obtained by using t h e  t r a j e c t o r y  sect ions encompass
ing the  descending node and t h e  e n t i r e  apogee por t ion  of t he  t r a j e c t o r y  
almost t o  the  ascending node. Figure I 2  shows sporadic radio emission 
d i s t r ibu t ion  at 725 kc f o r  t r a j e c t o r y  sect ions including t h e  perigee 
region, as wel l  as regions i n  t h e  v i c i n i t y  of t he  ascending and descending 
o r b i t a l  nodes. 

Figure 13 gives t h e  longi tudina l  d i s t r i b u t i o n s  of radio emission 
s t rength a t  725 and 1525 kc. 

Before proceeding t o  a more de ta i l ed  ana lys i s  of these  d is t r ibu t ions ,  
we must t u r n  our a t ten t ion  t o  t h e  following f a c t s .  The time spent by t h e  
s a t e l l i t e  a t  various l a t i t u d e s  i s  d i f f e ren t .  Table 3 gives the  r e l a t i v e  
operat ional  time of t h e  receiving equipment as a funct ion of geomagnetic 
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l a t i t u d e  f o r  t h e  revolut ions which were used f o r  ? l o t t i n g  the  dependence 
of sporadic rad io  emission s t rength on l a t i t ude .  

The t r a j e c t o r i e s  of t h e  d i f f e ren t  revolu t ior?  at t h e  geomagnetic 
coordinates d i f f e r  subs t an t i a l ly  from each other .  

Figure 14  gives t h e  t r a j e c t o r y  of revolutions i n  t h e  geomagnetic 
la t i tude-longi tude plane i n  t h e  southern hemispherz f o r  t he  revolutions 
which were used t o  der ive the  l a t i t u d i n a l  d i s t r i b u t i o n  of the  rad io  
emission (Figure 11). The da tes  of the  f l i g h t s  whose t r a j e c t o r i e s  are 
represented i n  Figure 14 a r e  given below. 

Februasy 1964 . . . . . 1 2 3 11 12 13 14 1-5 17 19 20 21 28 
Nmber of Rev. . . . . 1 2  3 4 5 6 7 8 9 10 11 12 13 
When p l o t t i n g  t h e  longi tudinal  dependence, we used a somewhat la rger  

number of  s a t e l l i t e  f l i g h t s  than when p l o t t i n g  the  l a t i t u d i n a l  dependence. 
A s  i s  ,apparent from t h e  f igures ,  t h e  rad io  emission s t rength i n  a l l  cases 
has a minimum i n  t h e  region of t he  geomagnetic equator. Radio emission /602 
st rength f o r  comparatively high a l t i t u d e s  increases  with geomagnetic l a t i 
tude, reaching a m a x i m u m  a t  l a t i t u d e s  of 30-50'; then a s  l a t i t ude  increases,  
t h e  s t rength diminishes. 

-

North G o -
magnetic 
Latitude 

40-50' 
30-40 
20-30 

10-20 

0-10 


Operating 
Time 
z 
0.17 

0.25 

0.43 

0.62 

0.79 


_ _  

South GO-
magnet ic 
Latitude 

-. 
~~ ~ 

0-loo 
10-20 


20-30 


30-40 


40-50 
50-60 
60-70 
70-80 

Operating 
Time 
z 
1.44 

2.6 

4.4 

7-2 

26.5 

29.3 

21.6 

4.7 


It therefore  follows from t h e  type of d i s t r ibu t ion  t h a t  t he re  i s  
rad io  emission whose "d i rec t iona l  diagram" peak l i e s  i n  t h e  30-50' b e l t  
of geomagnetic l a t i t u d e  ( i n  Figure 14 t h i s  region i s  marked o f f  by broken 
l i n e s ) .  

To p l o t  t h e  longitudinal d i s t r ibu t ion  of radio emission, it would be 
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best to use data on this emission in a narrow band of geomagnetic lati
tudes, but the number of experimental findings is clearly inadequate to 
derive this distribution. To compile longitudinal distribution, we took 
advantage of data on radio emission at all latitudes. While sporadic 
radiation at f = 1525 kc was detected in the 160-340O longitundinal 
range, it was observed at f = 725 kc at all longitudes, with a certain 
predominance in the 0-180°range. Figure l3b, in addition to the longi
tudinal distribution of radio emission at 1525 kc, gives the relation

ship of magnetic field strength for 45' south geomagnetic latitude and 

an altitude of 1600 km. The regions of peak radiation strength at 

1525 kc are near those regions where the magnetic field has its minimum 

value. 


Let us discuss the possibilities of interpreting sporadic radio 

emission. First of all, we must ascertain that the radiation being 

recorded has nothing to do with the reception of signals from sources 

on the Earth's surface, or of noise from on-board equipment. 


It seems to us extremely improbable that noise from on-board equip

ment was received, for the satellite had no generators at frequencies 

near the operating frequencies of the receivers. Pulse noise should, /603 

moreover, have a considerably more uniform spectrum than that which was 

observed in the experiment. Moreover, as indicated in Section 1, during 

the tests on Earth, no noise was discovered coming from the on-board 

equipment. It is also advisable to investigate the possibility of 

"Elektron-2" receiving noise coming from the Earth's surface (radio sta

tion signals, atmospheric and industrial interferences, et.). For this 

purpose, the conditions under which radio waves propagate through the 
ionosphere in the Earth's magnetic field must be analyzed. This matter 
is rather complex, as we are dealing with the propagation of radiowaves 
of frequencies close to the gyromagnetic frequency fH and the plasma fre
quency f o  of the ionosphere when fH and fo depend on altitude. Ye. A. 
Benediktov (Ref. 13) qualitatively examined the propagation conditions 
in which we are interested. 

Let us first of all examine the conditions of radiowave penetration 
through the ionosphere at mean latitudes at a frequency of fl = 725 kc. 
The findings presented in (Ref. 13, 14) enable us to show that at an ion


ospheric F-layer critical frequency greater thanJfi+ f l f H  z l . 2  Me, 
radiowaves of 725 kc cannot pass through the ionosphere. Existing data 
show that F-layer critical frequencies may be less than 1.2 Me only in 
exceptional cases in the pre-morning hours in isolated regions of the 
globe. It is thus very improbable that the observed sporadic radio emmi
sion at 725 kc is caused by noise from the Earth's surface. 

Radio emission at f, = 1525 kc will, of course, pass through the ion
osphere without essential attenuation, if the F-layer critical frequencies 
are less than f, = 1525 kc. Since, as a rule, these frequencies are greater 
than 1.5 Mc, it is also improbable that radio interference from the Earth's 
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Figure 1 4  

surface w i l l  penetrate  t h e  ionosphere at f z  = 1525 kc. Radiowaves of 
frequency f2  passing through t h e  ionosph re ,  due t o  t h e  in t e rac t ion  of 
normal waves i n  t h e  ionosphere, i s  possd4-l e  - f i rs t ,  when t h e  P-layer 
c r i t i c a l  frequency l i e s  within JfZ i-f,fH = 2 Me > fOF> 1.5 Me. Second
ly,  t he  radiowaves which have passed through t h e  ionosphere w i l l  be 
g rea t ly  attenuated by t h e  two z- t rans i t ions  above and below t h e  maximum 
of t h e  F-layer. It should a l so  be noted t h a t  even if conditions permit
t i n g  t h e  passage of t e r r e s t r i a l  radio interference through the  ionosphere 
can be rea l ized  i n  i so l a t ed  regions o f  t he  Earth 's  ionosphere, t h i s  noise 
has t o  be recorded i n  t h e  AES as uni ta ry  bursts of short  duration. h. 
ac tua l  f ac t ,  however,. as was already noted above, i n  many cases an over
a l l  r i s e  i n  l e v e l  i s  cha rac t e r i s t i c  of t h e  radio emission at 725 and 
1525 kc. The author therefore  be l ieves  t h a t  it i s  improbable t h a t  spor
adic rad io  emission r e s u l t s  from noise reception from the  Earth's surface. 
kt us examine other  possible  ways of explaining t h i s  recorded radio emission. 

The mechanisms of nonthermal rad io  emission usual ly  examined a re  
generally braking radiat ion,  synchrotron radiat ion,  magnetic braking 
radiat ion,  and t h e  Cherenkov e f f ec t .  I n  addition t o  these  mechanisms, i n  
our case it i s  a l s o  possible  t h a t  an emf i s  induced i n  the  rece iver  antenna 
by shot  noise generated when t h e  energet ic  p a r t i c l e s  of a stream pass 
near t h e  antenna'. Effectuat ion of t h e  last mechanism requires  a de ta i l ed  
-	 . .  


1 This mechanism w a s  pointed out t o  us by A. A. Andronov. 
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cor re l a t ion  between any parameters of sporadic rad io  emission and t h e  
degree of e l ec t ron  stream in t ens i ty ,  bu t  no such cor re la t ion  w a s  detected.  
Therefore, it i s  impossible to use t h i s  mechanism to explain t h e  observed 
rad io  emission. It i s  a l s o  impossible to explain it by means of t h e  
braking and synchrotron mechanisms of e l ec t ron  r ad ia t ion  i n  vacuo,, s ince 
t h e  spectrum of t h e  rad io  emission produced by these  mechanisms i s  con- /604
siderably smoother than t h a t  observed i n  t h e  experiment. 

If t h e  sharply decreasing spectrum of rad io  emission i s  t o  b e  explained, 
t h e  radiowaves must be generated i n  t h e  v i c i n i t y  of some frequencies charac
t e r i s t i c  of t h e  given medium. In  our case these  frequencies of t h e  medium 
a r e  t h e  Iangrnuir frequency of t h e  upper ionospheric plasma fo and the  gyro-
frequency fH. Radiowaves may i n  t h i s  case be generated a t  frequencies 
whose r e f r a c t i v e  index values i n  medium n a r e  la rge .  The d iv is ion  of t h e  
r ad ia t ion  i n t o  Cherenkov and magnetic braking r ad ia t ion  i s  conditional,  and 
i n  t h e  following we s h a l l  employ t h e  term "plasma rad ia t ion"  fo r  t h i s  rad io  
emission. A s  i s  known (Ref. l5), radiowave generation on the  plasma branch 
of t h e  r e f r a c t i v e  index d ispers ion  curve i n  a plasma, with a magnetic f i e l d ,  
i s  poss ib le  i n  t h e  frequency range 

I n  t h i s  case, an ordinary wave i s  generated i n  t h e  lower-frequency sector ,  
and an extraordinary wave i s  generated i n  t h e  high-frequency sec tor .  

Figure 15 dep ic t s  t h e  t y p i c a l  dependence of f H  and fo on a l t i t u d e .  
The shaded regions i n  t h e  f igu re  correspond t o  a reas  of radiowave genera
t i o n .  The funct ion fo(h)  i s  taken from da ta  i n  Section 4 of t h i s  a r t i c l e ,  
as wel l  as from (Ref. 11, 16). The magnetic f i e l d  i s  regarded as a dipole  
f i e l d .  As t h e  f igu re  shows, t h e  regions of rad io  emission at 725 kc and 
1525 kc we subs tan t i a l ly  sca t te red  with respect  to a l t i t u d e .  Radio emission 
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at 725 kc i s  generated at a l t i t u d e s  of 1600-2400km (region of extraordinary 
component generation);  at 1525 kc - at h M 700-900 km. It i s  d i f f i c u l t  
t o  es t imate  rad io  emission s t rength  i n  t h e  generation region because of 
t h e  inde f in i t e  nature  of our information on corpuscular streams, nor i s  
it e n t i r e l y  c l e a r  whether incoherent generation of radiowaves occurs, or 
whether co l l ec t ive  e f f e c t s  m a y  t ake  place.  

The ca lcu la t ions  i n  ( R e f .  17) demonstrate, however, t h a t  r a t h e r  
la rge  r ad io  emission s t rengths  are a l s o  poss ib le  f o r  incoherent emission 
of radiowaves. 

If t h e  plasma mechanism of r ad io  emission i s  effectuated,  t h e  prob
lem a r i s e s  of radiowaves leaving t h e  ionosphere. Here it seems more 
probable t h a t  t h e  r ad io  emission generated i n  t h e  region of /605..-.-
max {fo, fH]  < f < Jfz + fg  w i l l  leave t h e  confines of t h e  ionosphere, 

s ince i n  t h i s  case only one transformation of an extraordinary i n t o  an 
ordinary wave i s  required.  The low-frequency region, however, demands 
two conversions - t h e  ordinary i n t o  an extraordinary wave, and v ice  versa.  

Conversion of an extraordinary i n t o  an ordinary wave may be r ea l i zed  
e i t h e r  i n  the  region of fo/f  NN 1with s m a l l  angles between t h e  d i r ec t ion  
of wave propagation and d i rec t ion  of magnetic f i e l d ,  o r  i n  thermal non
uni formi t ies  of t h e  plasma, o r  because of e lec t ron  concentration gradients  
i n  t h e  f N f, region (Ref. 15). 

From t h e  f a c t  t h a t  r ad io  emission i s  connected with t h e  s t rength  of 
s o f t  e lec t ron  streams, we may draw t h e  conclusion t h a t  it i s  s o f t  e lec t ron  
streams which produce radiowave generation i n  the  ionosphere. However, 
t h i s  conclusion requi res  supplementary ve r i f i ca t ion ,  s ince the re  has been 
no de ta i l ed  comparison of sporadic rad io  emission and va r i a t ions  i n  t h e  
hard e lec t ron  component of t h e  r ad ia t ion  zones. 

The l a t i t u d i n a l  d i s t r i b u t i o n  of rad io  emission i s  apparently associ
ated with t h e  pene t ra t ion  of  e lec t ron  streams i n t o  t h e  Ear th ' s  ionosphere 
p r inc ipa l ly  i n  t h e  30-50' l a t i t udes ,  Dis t r ibu t ion  of t h i s  r ad ia t ion  by 
longitude may b e  explained by t h e  varying depth of stream penetrat ion i n t o  
t h e  ionosphere. This i s  connected with the  asymmetry of t h e  Earth 's  mag
n e t i c  f i e l d .  I n  f a c t ,  as i s  evident from Figure l3b, t h e  regions of 
m a x i m u m  s t ren@h of sporadic . rad io  emission at t h e  frequency of 1525 kc 
coincide i n  longitude with t h e  areas  of minimum magnetic f i e l d  values.  

We would l i k e  t o  draw a t t e n t i o n  t o  t h e  f a c t  t h a t  i f  radio emission 
-. . . -.
2 occurs i n  t h e  regionmax lfo, fH] < f < Jfo+ f 2  y then i n  pr inc ip le  t h i s  

r ad ia t ion  ma.y reach the  surface of t he  Ea,rth (Ref. 13).  It i s  possible  
t h a t  it w a s  p r e c i s e l  t h i s  r ad io  emission which w a s  recorded i n  Reber's 
experiments (Ref. 18y. 

In  conclusion, we should note t h a t  t h e  sporadic rad io  emission 
observed i n  the  experiment conducted has c e r t a i n  f ea tu res  i n  common w i t h  
t he  sporadic rad io  emission from J u p i t e r  i n  t h e  decameter range. 
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EXPERIMENTS UNDER THE PROGRAM OF THE WORLD MAGNETIC SURVEY 

Sh. Sh. Dolginov, V. I. Nalivayko,

A. V. Tyurmin, M. N. Chinchevoy 


1. The World Magnetic Survey 


Measurements of the Earth's magnetic field were first made in /606 
immediate proximity to the Earth at altitudes of 230-800 km over an ex
tensive region of the globe - the territory of the Soviet Union (Ref. 1, 
2). A comparison of the measured geomagnetic field values with those 
calculated from magnetic charts of Soviet Union territory revealed that 
they differ by from 0.1 to 1.0% (Ref. 3). 


In 1959 the magnetic field was measured by the satellite "Vanguard-3" 
in an altitude range from 500 to 3500 km over separate regions of the 
United States, Latin America, and Australia (Ref. 4). Comparison of the 
"Vanguard-3" measurements with those calculated from different versions 
of the geomagnetic field analytical concepts also revealed that they 
differ by up to 1.5% (Ref. 5). The discrepancies between measured and 
calculated geomagnetic field values are connected with errors in the 
original charts and in their analytical conception. The above-mentioned 
satellite geomagnetic field measurements were made over comparatively well-
studied regions of the globe. The major portion of the Earth has been 
studied to a much lesser extent, especially the Pacific Ocean. 

It should be borne in mind that charts compiled from minute and re

liable measurements no longer reflect true field distribution after some 

time has passed, because the Earth's magnetic field undergoes slow secular 

changes. Their most important features are a decrease in the Earth's total 

magnetic moment and a systematic westward drift of the field. Thus, in the 
last hundred years the Earth's magnetic moment has decreased 5%, and the 
magnetic pole of the dipole portion of the field has shifted 7 to the west 
along a parallel. 

The secular patten of the magnetic field is a very complex, and by no 
means well-investigated, physical phenomenon. It differs in various regions 
of the globe, changing with time in the very same place, and depends on the 
level of magnetic and solar activity. In isolated places the secular pattern 
attains values of l5Oy per year (Ref. 6). One of the basic restrictions on 
investigating the secularpattern is the slight degree to which it has been 
studied over the greater part of the globe. There have been no repeated 
measurements of the magnetic field over four-fifths of the terrestrial sur
face. Large regions have not generally been examined with magnetic instru
ments. A study of the patterns of secularpattern has enormous significance 
for a study of the Earth's internal structure, and the nature and origin of 
the geomagnetic field. It is of great practical value as well, for it 
would facilitate a prediction of the geomagnetic field variation over the 
surface of the Earth and would make it possible to render magnetic charts 
more accurate. 
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The matter of the World Magnetic Survey was first discussed at a /607 
session of the International Union of Geodesy and Geophysics in Toronto 
in 1957, and more thoroughly in Moscow at the 1958 converence of KSAZh*. 
It is proposed that a general magnetic survey of the Earth be accomplished 
by the different means available and, consequently, at different levels 

from the Earth's surface: by ground instruments, aeromagnetometers, 

measurements on a nonmagnetic ship, magnetometers towed behind vessels 

and placed in nonmagnetic balloon baskets, and, finally, by survey from 

artificial Earth satellites. The last method is the quickest. It facili

tates a solution of not all, but the principal, problems of the World 

Magnetic Survey project. Measurements from satellites were provided, in 

particular, by the Soviet National Program in the World Magnetic Survey 

project. 


2. Magnetic Surveys from a Satellite 


The basis for the feasibility of conducting a magnetic survey from 
a satellite lies, first of all, in the fact that, at the minimum altitudes 
available for a sufficiently protracted and safe sojourn by an artificial 
Earth satellite, the geomagnetic field, decreasing at a rate proportional 
to the cube and higher powers of the distance from the Earth's center, re
tains its main characteristic features. The strong regional anomalies 
stretching for 300-400 km appreciably contribute to the magnetic field 
at an altitude of 250-300 km. Thus, according to calculations in (Ref. 7), 
a magnetic anomaly 450 km long, with a strength on the Earth's surface of 
up to 3OOOy, has a strength of about 200y at an altitude of 200 km. 

Owing to the difference between the periods of a satellite's revolu
tion and the period of the Earth's rotation about its axis, a satellite 
with an active lifetime of about 15 days may be used to conduct a fairly 
detailed survey of the globe. In fact, with a satellite period of rota
tion of -90 min., each revolution will be approximately 22.5O apart in the 
equatorial plane, assuming that the orbit is fixed with respect to the 
stars. Because of the asphericity of the Earth, the satellite's orbit 
will shift 4.5" westward per day when inclination is 50'. Hence, in five 
days the distance will have been filled with revolutions having an 
interval of about 4.5". In ten days the distance between revolutions in 
the equatorial p l a ~will be 2.2O. Revolutions 4.8 days apart in time will have 
9 and y values which are close to each other. Thus, with an active life 
of about 15 days, it is possible to obtain adequate information and to 
repeat measurements at points with similar p and y coordinates. If, how
ever, the satellite moves at comparatively short distances from Earth, the 
flight altitude above the surface will change rather rapidly, and repeated 
measurements at the very same points in space are practically impossible. 
Nevertheless, a prolonged operational period would be preferable for a more 

* Translator's Note: This abbreviation probably designates CSAG (Comitg 
Spe'cial de l'Ann6e Ggophysique). 
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reliable study of the influence of the external sources of the Earth's 
variable magnetic field. For further analysis of the data, an orbit close 
to a circular one is the most advantageous. 

The problem of the World Magnetic Survey may, in one experiment, be 

solved with an orbit inclined-85O to the equatorial plane. With the 

indicated minimum time of active satellite life, it is efficient to have 

a minimum number of 180 readings per revolution. With an orbit inclined 

49"to the equatorial plane, the magnetic survey covers about 75% of the 

Earth's surface. These conditions hold when small satellites of the 

"Kosmos" series are used. Surveying from a satellite thus gives a prac

tically simultaneous picture of magnetic field-strength distribution from 

uniform experimental data evenly distributed over the surface. 


3. 	 Magnetometric Equipment of Satellites 1608 

"Kosmos-26"and "KOS~OS-49" 


Proton magnetometers were used in the small satellites of the "Kosmos" 
series. Measurement of the magnetic field by proton magnetometers is re
duced to measuring the free precession frequency of protons in the terres
trial field being metered. Precession frequency of pratons possessing a magnetic 
moment and spin is, as we know, defined by the Larmor relationship w = y H, 
where yp is the gyromagnetic relation and H the strength of the field unser 
measurement. 

In 1954 Packard and Varian (Ref. 8) described a convenient method for 
observing free nuclear precession, making it possible to measure weak mag
netic fields with great accuracy. An auxiliary field of polarization Ho 
(on the order of 100oe) at a 90"angle to the measured field H is applied 
for a short time to the specimen - fluid (water, alcohol) with a high 
content of the protons to be found in the magnetic field H to be 
measured. Under the action of field �IOthe specimen acquires a macroscopic 
magnetization of intensity In = XnRO, where is nuclear su.sceptibility. 
After field HO is shut off, the macroscopic magnetic moment begins to pre
cess freely around field H with a Frequency of w = yPH. The magnitude of 
the macroscopic moment gradually decreases. Relaxatlon time is about 3 sec. 
This time is enough for measuring the voltage frequency induced by the pre
cessing moment of the specimen in the sensor signal coil - which is also 
an excitation coil - nclw connected to an amplifier. The alternating emf 
induced in the coil w i l l  be E = Kay HoH sin28e t/T2, where K is a constant 
depending on coil parameters, space !?actor, and circuit quality; 8, the 
angle between H and �Io; t, the time from the moment of cutting off field 
Hg; and T 2 ,  relaxation time. 

The nuclear precession method possesses a number of remarkable proper

ties: 


(1) field measurements are reduced to measuring frequency; 

( 2 )  magnetometer readings are given on an absolute scale; 



( 3 )  sensor and channels shaping the signal are in principle free 
from zero creep; 

( 4 )  measurement results with a stationary sensor do not depend on 
orientation of the sensor in the field to be measured; 

( 5 )  measuring accuracy depends only on accuracy of the frequency 
meter and signal-to-noiseratio. 

The following difficulties arise in measurements on a revolving object. 


1. When the coil rotates together with the object at angular velocity 
@ around an axis perpendicular to the axis of the coil, field H w i l l  be 
measured with an error of AH = 3.7 $, where AH is expressed in gammas and 
9 in rad-sec-' (Ref. 9) .  

2. Although precession frequency does not depend on orientation, the 

signal strength is proportional to sin28, and with small 8 the signal may 

be close to zero. 


A proton magnetometer, as is known, was installed on the satellite 
"Vanguard-3" (Ref. 4). Only the units shaping and amplifying the nuclear 
precession signal were installed on the satellite. The magnetometer con
ducted 50 measurements of the magnetic field per day. The nuclear pre
cession signal modified the transmitter carrier frequency. After reception 
of the signal by the ground station, it was carefully purified by narrow
band filters and measured with accurate frequency meters. This instrument 
thus permitted measurements only in a zone where the satellite was directly 
visible - in regions of a limited number of ground stations. Since the 
frequency of free nuclear precession in the measured field range varies 
from 850 to 2100 cps, field measurement over the entire orbit with a /609
standard memory unit is possible only during on-board measurement of 
free precession frequency and storage of the measurement results in the 
form of a coded number. 

Reliable operation of the on-board frequency meter is possible when 

the signal-to-noiseratio is advantageous, which is achieved in the proton 

magnetometer in a narrow band in the signal-shaping channel. In order that 

the magnetometer may operate over the entire orbit, however, this channel 

must have a wide enough band. This conflict was resolved by using an in

strument with automatic range switching. 


Among these different switching variations, preference was accorded a 
magnetometer model in which range retuning is accomplished by a logic circuit 
which analyzes the nuclear precession signal (proposed by V. I. Nalivayko). 
In this model the optimum signal must be sought by a mechanical switch in 
the first measurement period. The optimum position is remembered, and 
range subsequently is changed by shifting to a range on one side or the 
other. This self-tuning magnetometer idea was included in the instrument 
design. The construction was also based on circuit solutions of the PM-5 
portable precision proton magnetometer. The measurement range in the PM-5 



magnetometer was changed by a hand switch. Precession frequency was 

measured with an accurate frequency meter which was part of the magneto

meter. 


In the development process a more efficient version was suggested. 

In this version the optimum signal was searched for in every polarization 

cycle of the meter. This made each discrete field measurement independent, 

which is important because during measurement on unoriented objects the 

nuclear precession signal may be small or zero when there are small angles 

between the sensor axis and field direction. One limitation of this method 

lies in the fact that part of the useful signal is lost every time that a 

search operation occurs. However, it was possible to overcome this limita

tion, and the advantages of the method are obvious. This version was pro

posed by M. M. Chinchev. 


This principle was employed in the magnetometer with PM-4index. 

During part of the free nuclear precession period, the inst&ent automati

cally seeks the optimum signal, analyzes it, and if the signal is big 

enough interrupts the search and gives the command to measure the fre

quency. The optimum position is meanwhile remembered, and thereafter fre

quency search is accomplished from this state. The frequency measured at 

the optimum signal is stored in octal code in the channels of the radio

telemetric system memory unit. 


Figure 1 represents the block diagram of the PM-4 magnetometer whose 
functional elements provide the presented sequence of metrological opera
tions. At an external command, the instrument turns on the polarization 
current for 2 see and then connects the sensor coil to amplifier input. 
The search for optimum signal begins - the entire measurement range is 
broken down into eleven subranges. The electronic commutator switches 
them in order. When the commutator comes to the subrange at which there 
is a precession signal, this signal is amplified to a degree which is suffi
cient to stop the electronic commutator by means of the stop-search circuit. 
When the frequency search circuit interrogates the subranges and discovers 
a signal on one of them, the search is interrupted. However, measurement 
can occur only after readout of 32 periods of nuclear precession from the 
amplifier output. This makes it possible to distinguish signal from noise. 
In case of interference, the scaling circuit is not charged, and the search 
continues. If there is a signal on one of the subranges, the detector 
scaling circuit is necessarily charged, search stops, and the frequency-
meter input opens. With cessation of search, the number of the subrange /610 
where the signal was detected is remembered. In the following measurement 
cycle, the search begins with this subrange. The frequency meter measures 
the frequency and stores it in the binary numerical system. The registered 
number, coded in a stepped voltage of from 0 to 6 v, is delivered to the 
six channels of the telemetering system. 

Two magnetometers with sensors oriented at a 90" angle were installed 

on each of the "Kosmos" satellites. The instruments were turned on 
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Block Diagram of PM-4Proton Magnetometer 


alternately f r o m  an accurate program- and timing-device at intervals of 
32 see. Time markers correlated the on-board readouts of each instrument 
with absolute time. The magnetometer sensors were a distance of about 
3.3 m from the center of the satellite, where there were magnetic parts. 
The magnetic influence of the satellite at this distance was compensated 
by a system of permanent magnets creating a sufficiently homogeneous field 
at the sensor locations. A short series of investigations of the PM-4 
instruments in the observatory, under conditions of search for an unknown 
imposed field of an annular system, showed that measurement accuracy of 
the magnetometer was 2-3 y. Although - with signal-to-noiseratios below 
the threshold value - the frequency meter was closed and measurements were 
improbable, less accurate readings are nevertheless not eliminated with 

weak signals. Discovery and rejection of poor readouts is possible, since 

they are rather rare and result in large geomagnetic field gradients which 

would not be expected at great altitudes. 


Measures were taken so that, during separation of the satellite from 
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Typical Magnetogram Received from Satellite "Ko~mos-49'~ 


Crosses and dots on time axis designate "forbidden" readings where, because of 

disadvantageous orientation,signal-to-noise ratio was small and frequency meter 

measured no frequencies. False readings may also be seen which are easy to 

distinguish from reliable ones. 
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Figure 3 


Chart of' Magnetic Research in 270-404km Range 




Figure 4 


Chart of Magnetic Research in 270-490km Range 




its carrier, the satellite did not acquire large angular velocities, 
which, as mentioned above, result .in errors in measuring nuclear pre
cession frequcncy. 

Information on Magnetic Field and Plans for /614 

Scientific Data Processing 


Between March 18 to 30, 1964, and October 24 to November 6, 1964, the 
Earth's magnetic field was measured in a latitudinal band of +49O from the 
equator, in the altitudinal range of 270-403km ("Kos~os-26")and 270-490 
km ("Kos~os-49"). 

Figure 2 gives a typical magnetogram of magnetic field strength along 
the path of one revolution of the satellite '1Kosmos-491'.The crosses 
designate readings of the PM-4-2 magnetometer, and dots - those of the 
PM-4-1magnetometer. The moments when a magnetometer was not.emittingin
formation in a disadvantageous orientation are noted by dots and crosses on 

the time axis. The magnetogram also shows instances of unreliable readings 

They differ drastically from normal readings. Figure 3 gives a chart of 

magnetic research from 1'K~smos-26'',
and Figure 4 a similar chart from 

1'K~~m~~-49''. 
At every point designated on the chart, measurements were 

received on the scalar magnitude of the Earth's magnetic field strength. 


The experimental material obtained facilitates scientific research 

in the following areas: 


1. Investigation of the Earth's magnetic field structure, definition 

of coefficients of a Gaussian series analytically representing the geomag

netic field. 


2. Determination of the geomagnetic field secular pattern by com

paring coefficients of the Gaussian series with similar coefficients for 

other periods. The foundation of an absolute network for studying global 

secular pattern in the future. 


3.  Plotting the residual field (measured minus the dipole field) for 
an altitude of 350 km and comparing it with gravitational field anomalies 
found by satellites. 

4. Study of the variable field phenomena in the ionosphere. 


The authors deem it their pleasant duty to express their sincere grati

tude for participation in initial processing of the experimental data to 

G. N. Zlotin, I. N. Kiknadze, R. E. Brodskaya, A. R. Freydin, R. D. Kuznetsova, 

I. P. Ivchenko, A. V. Klimovskiy, N. Yu. Protsenko, V. N. Fursenko, H. V. 

Chistova, M. N. Yakushenko, T. D. Grishina, and A. K. Nazarova. The authors 

take this opportunity to express their appreciation to the individuals and 

organizations who assisted in conducting the experiments. 
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INFLUENCE OF SATELLITES ON RADIATION 

INTENSITY I N  THE RADIATION ZOKES 


P. v. Vakulov 


The ra,diation zones of t he  Earth represent  charged p a r t i c l e  streams /61_5
(pr imar i ly  e l ec t rons  and protons) trapped by t h e  geomagnetic f i e l d .  The 
r ad ia t ion  i n t e n s i t y  i n  t h e  r ad ia t ion  zones i s  so grea t  t h a t  it e n t a i l s  
se r ious  danger not  only f o r  cosmonauts, whose spacecraf ts  w i l l  i n t e r s e c t  
these  zones i n  t h e  fu tu re  when going t o  o ther  p l ane t s  i n  t h e  s o l a r  system 
or i n  c i r c u m t e r r e s t r i a l  f l i g h t s  a t  a l t i t u d e s  g rea t e r  than 500 km. These 
dangers a l s o  exis t  f o r  ind iv idua l  u n i t s  of t h e  space vehicle  equipment 
( s o l a r  ba t t e r i e s ,  semiconductor devices, photographic material, o p t i c a l  
systems, e t c ) .  

The r ad ia t ion  i n t e n s i t y  i n  t h e  r ad ia t ion  zones has increased t o  an 

even g rea t e r  ex ten t  a t  t he  present time, due t o  the  a r t i f i c i a l  r ad ia t ion  

zones produced by h igh-a l t i tude  nuclear explosions i n  1962. The American 

high a l t i t u d e  explosion "Seastar" ("Starf ish")  which w a s  conducted on 

Ju ly  9, 1962 produced an extremely powerful a r t i f i c i a l  s ad ia t ion  zone i n  

t h e  equa to r i a l  region. Experimental d a t a  ind ica te  t h a t  t he  a r t i f i c i a l  

r ad ia t ion  zone produced by t h i s  explosion w i l l  e x i s t  f o r  severa l  decades 

( R e f .  1, 2) .  


The following question may be posed: Is t h e r e  no p o s s i b i l i t y  of 

reducing t h e  p a r t i c l e  f luxes  i n  t h e  r ad ia t ion  zones? The satel l i tes  them

selves  present  one such p o s s i b i l i t y .  Actually, when bombarding t h e  s a t e l  

l i t e ,  t h e  r ad ia t ion  zone p a r t i c l e s  are destroyed, and due t o  t h i s  f a c t  

t h e  number of p a r t i c l e s  i n  t h e  zones i s  reduced. Since t h e  number of p a r t i  

c l e s  absorbed by the  s a t e l l i t e  i s  proport ional  t o  i t s  surface,  a f a i r l y  

l a rge  s a t e l l i t e  passing through t h e  r ad ia t ion  zones can subs t an t i a l ly  

decrease t h e  i n t e n s i t y  i n  those regions of t he  r ad ia t ion  zones which it 

i n t e r s e c t s .  This p o s s i b i l i t y  w a s  pointed out  by S. F. Singer  (Ref- 3), who 

ca,lled t h i s  t he  "cosmic snowstorm'' method. However, severa l  qua l i tak ive  

statements, as w e l l  a s  quant i ta t ive  computations, which t h i s  author advanced 

( R e f .  3) were based on inva l id  assumptions. This makes it impossible t o  

u t i l i z e  t h e  expression he obtained f o r  quan t i t a t ive  determinations of t h e  


cosmic snowstorm" e f f e c t .  


I n  order  t o  make a quant i takive estimate of t h i s  e f f e c t ,  it i s  necesary 
t o  d i s t ingu i sh  t h e  l imited area i n  which t h e  s a t e l l i t e  w i l l  "sweep out'' 
(more prec ise ly ,  absorb) t h e  trapped p a r t i c l e s .  In  t h e  given case, t h a t  area 
i n  which very f e w  p a r t i c l e s  e n t e r  w i l l  be ca l l ed  t h e  l imited area.  The enve
lopg along which trapped p a r t i c l e s  d r i f t ,  whose thickness  i s  on t h e  order  of 
t h e  h r m o r  radius of these  p a r t i c l e s  i s  such a minimum l imited area. If 
even a comparatively s m a l l  s a t e l l i t e  (a  diameter of about 10 m) were contin
uously located on one and t h e  same envelope, it would "sweep out'' t h e  main 
por t ion  of trapped p a r t i c l e s  i n  t h i s  envelope comparatively rap id ly  (over a 
per iod of seve ra l  months). However, it i s  impossible t o  produce a sa t e l l i t e  
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which i s  always located on a given envelope. Even a sa te l l i t e  which i s  
launched i n  t h e  equa to r i a l  plane on a c i r c u l a r  o r b i t  w i l l  i n t e r s e c t  
several magnetic envelopes, due t o  t h e  eccen t r i c i ty  of t hese  envelopes; 
t h i s  i s  primarily caused by the  s h i f t  of t h e  magnetic d ipole  a x i s  of t h e  
Ea.rth . 

On t h e  whole, t h e  minimum l imi ted  area which a sa te l l i t e  can con

3s t a n t l y  occupy i s  no less than 10'"cm , t ak ing  i n t o  account t h e  inc l ina t ion  

of t h e  geomagnetic dipole  axis. 


On the  bas is  of t h e  statements presented above, l e t  us now determine 

what port ion of t h e  t o t a l  number of r ad ia t ion  zone p a r t i c l e s  w i l l  be 

absorbed by t h e  s a t e l l i t e s .  L e t  us a l s o  inves t iga te  what s i z e  t h e  satel

l i t e  must be i n  order t h a t  t h e r e  'be an appreciable decrease i n  t h e  

p a r t i c l e s ,  i f  only i n  ind iv idua l  regions of t he  r ad ia t ion  zones. (616 


Let us  assume t h a t  t he re  i s  a mean flux of trapped par t ic les- j  i n  a 

c e r t a i n  closed area having the  volume V. The mean concentrat ion of these  

p a r t i c l e s  per  u n i t  volume i s  then 


where v i s  t h e  trapped p a r t i c l e  ve loc i ty .  
 The t o t a l  number of trapped 

p a r t i c l e s  i n  t h e  given volume V i s  


A number of m r t i c l e s  


dN = 7s d t .  

w i l l  pass through a body having t h e  surface s located i n  t h i s  area during 

the  t ine d t .  


If it i s  assumed t h a t  a l l  of t h e  p a r t i c l e s  f a l l i n g  on t h e  surface 

be absorbed, then  the  r e l a t i v e  loss of p a r t i c l e s  w i l l  be determined as 


dN = - -dt .sv 


w i l l  


t he  


__ 
N 2v 

The mul t ip l i e r  2 appears here, due t o  t h e  f a c t  t h a t  p a r t i c l e s  w i l l  be 

absorbed only i n  one hemisphere. If follows from t h i s  expression t h a t  

t o t a l  number of p a r t i c l e s  i n  t h e  volume under consideration, when t h e r e  i s  

no in jec t ion ,  w i l l  change i n  time according t o  the  exponential  l a w  


where t h e  quant i ty  T = 2V,/sv designates a constant time - t h e  time during 
which the  number of p a r t i c l e s  (and, consequently, i n t e n s i t y )  decreases e 
t i m e s .  



I I n  order t o  best  represent t h e  order of magnitude of a l l  t h e  quant i t ies ,  

l e t  us examine a spec i f i c  example as applied t o  rad ia t ion  zone e lec t rons  

having energies grea te r  than severa l  hundreds of kev. The f luxes  of such 

e lec t rons  a r e  the  la rges t ,  pa r t i cu la r ly  i n  the  pre-equator ia l  regions of 

t h e  magnetosphere, and they have a m a x i "  influence due t o  the  great  pene

t r a t i n g  capacity of t h e  braking radiat ion produced by e lec t rons  when 

bombarding t h e  s a t e l l i t e  frame. The ve loc i ty  of these electrons i s  close 

t o  the  speed of l i g h t ,  i . e . ,  v M c.  


Let us assume t h a t  a spher ica l  s a t e l l i t e  having t h e  radius r i s  

launched i n  t h e  equator ia l  plane on a c i r cu la r  o r b i t  with an a l t i t u d e  of 

-2000 km. This s a t e l l i t e  w i l l  absorb p a r t i c l e s  fallirg on i t s  surface 

from an area having t h e  s i ze  


v =1026 C M 3  = 1011 K U 3 .  

The area  under consideration includes t h e  maximum i n t e n s i t y  region of 

t he  a r t i f i c i a l  rad ia t ion  zone produced by t h e  explosion "Starfish".  


Ut i l i z ing  t h e  expression obtained previously and advancing the  hypo

t h e s i s  t h a t  t he  constant l i fe t ime o f  e lec t rons  i n  the  area under considera

t i o n  i s  about t h ree  months (lo7 seconds), we can determine t h e  required 

s a t e l l i t e  s ize ,  assuming t h a t  it has a spher ica l  form. 


Assuming t h a t  


Thus, a s a t e l l i t e  having a diameter of - 1.50 m lowers the  l i fe t ime /617
of e lec t rons  i n  t h e  region of t he  a r t i f i c i a l  rad ia t ion  zone m a x i m u m  
t o  three  months; at the  present time, t he  mean l i fe t ime of e lec t rons  i n  

these  regions i s  assumed t o  be approximately 10 years.  


This s a t e l l i t e  w i l l  a l so  decrease the  l i fe t ime of protons i n  the  inner 

rad ia t ion  zone. However, t h e  ve loc i ty  of these protons i s  severa l  times 

l e s s  than t h e  speed of l i gh t ,  and therefore  t h e i r  l i fe t ime w i l l  be much 

grea ter  than t h e  e lec t ron  l i fe t ime.  


So many s a t e l l i t e s  have been launched as of t he  present,  t h a t  t h e i r  
influence on the  in t ens i ty  i n  rad ia t ion  zones must be f a i r l y  la rge .  
Rough est imates  have shown t h a t  t h e  ex i s t ing  s a t e l l i t e s ,  together  with t h e  
rocke ts -car r ie rs  accompanying them i n t o  o rb i t ,  can decrease t h e  l i fe t ime of 
trapped p a r t i c l e s  by severa l  years a t  a l t i t u d e s  of - 1000 km. 

The influence on t h e  r ad ia t ion  zones of t h e  s a t e l l i t e s  already 

zunched could be even greater .  However, many satell i tes (pa r t i cu la r ly  t h e  




l a rge  ones) pass a t  low a l t i t u d e s ,  and therefore  pass under t h e  zones i n  

t h e  majori ty  of cases.  Only i n  ind iv idua l  revolut ions do they  en te r  t h e  

r ad ia t ion  zones i n  t h e  region of t h e  At lan t ic  magnetic anomaly, where t h e  

zones descend t o  the  lowest po in t  i n  t h e  d i r ec t ion  of t h e  Earth 's  surface.  


However, t ak ing  i n t o  account t h e  increasing r a t e  a t  which s a t e l l i t e s  

a r e  launched as we l l  as t h e  increase i n  t h e i r  s i z e  and weight, one can 

assume t h a t  over a period of decades t h e  r ad ia t ion  i n t e n s i t y  i n  t h e  radia 

t i o n  zones, a t  a l t i t u d e s  on t h e  order of thousands of kilometers,  w i l l  be 

primari ly  determined by  p a r t i c l e  loss  due t o  the  influence of these  

numerous s a t e l l i t e s .  


It must be pointed out t h a t  a s a t e l l i t e  which i s  severa l  hundreds of 
meters i n  s i z e  and whichweighs severa l  hundreds of tons must be developed 
i n  order t o  subs t an t i a l ly  decrease the  r ad ia t ion  in t ens i ty  throughout t he  
e n t i r e  inner r ad ia t ion  zone, by t h e  method presented above. Generally 
speaking, although t h i s  l i e s  within the  realm of p robab i l i t y  ( f o r  example, 
t o  produce severa l  t e n s  of s a t e l l i t e s  of 10 t ) ,  it i s  only j u s t i f i e d  i f  
these  s a t e l l i t e s  a r e  used for many other  purposes ( rad io  relaying, i n t e r 
mediate launching s a t e l l i t e s ,  e t c .). 

If the re  a r e  no s a t e l l i t e s  on t h e  Earth which a r e  s u f f i c i e n t l y  large 
as ye t ,  t he re  a r e  two s a t e l l i t e s  on Mars; they a r e  located comparatively 
close t o  t h i s  planet  and have t ransverse dimensions of about 10 km. If 
Mars has a magnetic f i e l d  which i s  comparable t o  t h e  magnetic f i e l d  of t h e  
Earth i n  order of magnitude (and, consequently, if it has r ad ia t ion  zones), 
then these  s a t e l l i t e s  must subs t an t i a l ly  change the  s t ruc tu re  of t he  Mars 
rad ia t ion  zones. If it is assumed t h a t  t h e  rad ia t ion  zones of Mars a r e  
s i m i l a r  i n  s i ze  t o  t h e  Ear th ' s  r ad ia t ion  zones ( t h i s  means t h a t  t he  magnetic 
moment of Mars i s  approximately e ight  times l e s s  than the  Ear th ' s  m a g e t i c  
moment), then the  s i z e  of Mars' r ad ia t ion  zones i s  VM M 1013km3 = 10 em . 
Ut i l i z ing  t h e  expression obtained previously, we obtain T M lo5 see w 1day. 

Thus, i f  the  o r b i t  of even one of t he  Mars s a t e l l i t e s  has the  most 
favorable loca t ion  ( i . e . ,  an e l i p t i c  o r b i t  with a perigee of - 7 RM with a 
low apogee, and a s m a l l  angle of i nc l ina t ion  of t he  o r b i t a l  plane t o  the  
equator ia l  plane),  then t h e  mean l i fe t ime of trapped p a r t i c l e s  i n  t h e  Mars 
radiakion zones would be severa l  days i n  a l l .  Therefore, t he  r ad ia t ion  
zones of Mars would be severa l  orders  of magnitude weaker than Ea r th ' s  
r ad ia t ion  zones. 

However, as i s  known, Mars' s a t e l l i t e s  (Phobos and Deimos) have almost 
c i r c u l a r  o r b i t s  with an i d e n t i c a l  o r b i t a l  angle of i nc l ina t ion  - 30°, and 
a dista,nce from the  center  of Mazs of Rp M 2.8% and RD M 7%. 

Therefore, i n  a c t u a l i t y  t h e  Mars s a t e l l i t e s  w i l l  "sweep out" t h e  radia
t i o n  zones only i n  individual  regions.  The meridional cross  sect ion of 
these  regions i s  shown i n  t h e  f igu re .  The regions with double shadlng 
character ize  t h e  "shade" regions, i . e  ., those regions from which trapped 
p a r t i c l e s  w i l l  be d e f i n i t e l y  "swept out". Due t o  the  r e l a t i v e l y  small s i ze  
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Structure  of Mars' Hypothetical Radiation Zones 

(Meridional Cross Section) 


Double-shaded sec t ions  ind ica te  regions where there  

w i l l  be almost no trapped rad ia t ion .  


of these  regions,  t he  l i fe t ime of p a r t i c l e s  w i l l  be several hours i n  a l l .  

T h i s  means t h a t  t h e r e  w i l l  be p r a c t i c a l l y  no trapped r ad ia t ion  i n  these 1618 

regions.  The regions designated by t h e  s ing le  shading ind ica te  regions 

where t h e  "sweeping out1' of p a r t i c l e s  w i l l  t ake  place only if the  magnetic 

dipole  axis of Mars i s  displaced from t h e  r o t a t i o n a l  axis of t h e  p lane t .  

The s i ze  of these  regions w i l l  increase proport ional ly  t o  the  angle of 

i nc l ina t ion  of Mars magnetic dipole .  


Thus, i f  t h e r e  i s  a magnetic f i e l d  on Mars, and consequently r ad ia t ion  

zones, then these  zones will cons is t  of two sharply defined areas. 


1. McIlwain, C .  E. Science, 142, No. 3590, 355, 1963. 


2. Vakulov, P. V. Disser ta t ion,  Moscow, 1965. 


3. 	 In "Radiation Safety During Space F l ights"  (Radiatsionnaya bezopasnost ' 
p r i  kosmicheskikh poletakh) . I z d a t e l '  s tvo  " M i r " ,  Moscow, p. 164,
1964. 
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